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Abstract	
	Firefighting	foams	are	categorised	based	on	their	composition	and	use	into	two	classes:	Class	A	and	Class	B.	Previously,	Class	B	 foams	were	widely	used	 in	extinguishing	 fires	involving	 flammable	 liquids,	 however,	 many	 Class	 B	 foams	 contain	 fluorinated	compounds	 and	have	 since	been	deemed	detrimental	 to	 the	 environment	 and	human	health	 (Department	of	Environment	 and	Heritage	Protection	2016).	As	 a	 result,	 there	has	 been	 a	 recent	 push	 to	 utilise	 Class	 A	 foams	 over	 Class	 B	 foams,	 however	 the	ecological	 effects	 of	 the	 use	 of	 Class	 A	 foams,	 particularly	 in	NSW,	 has	 not	 been	 fully	determined.		
	The	ecotoxicological	and	microbial	effects	of	two	Class	A	foams,	‘foam	1’	and	‘foam	2’,	in	three	NSW	soils	were	studied.	The	foams	were	applied	as	a	foam/water	mixture	with	a	v/v	 concentration	 of	 0.4%	 foam.	 This	 represented	 the	 foam	 concentration	 commonly	employed	 in	Compressed	Air	Foam	systems	(CAFS),	which	 is	a	 technique	used	 for	 the	generation	and	application	of	foam	for	firefighting	purposes.		The	effects	of	exposure	to	these	foams	in	the	three	different	NSW	soils	were	evaluated	at	three	different	lengths	of	exposure	–	freshly	exposed	(day	0),	7	days	of	exposure	and	30	 days	 of	 exposure.	 The	 experiments	 were	 conducted	 under	 controlled	 laboratory	conditions	and	ambient	outdoor	 conditions.	The	effects	of	 germination	and	growth	of	
Latuca	sativa	and	Triticum	aestivum	as	a	result	of	exposure	to	foam	1	and	2	under	these	conditions	were	 evaluated.	 The	 results	 of	 testing	 utilising	 Latuca	sativa	were	 invalid,	however	 testing	 utilising	 Triticum	 aestivum	 indicated	 no	 significant	 inhibition	 of	emergence	of	growth	in	seedlings	as	a	result	of	exposure	to	the	two	Class	A	foams.		The	effect	of	exposure	to	foam	1	and	2	on	the	behavior	of	Eisenia	fetida/Eisenia	Andrei	was	 evaluated	 utilising	 controlled	 laboratory	 conditions	 and	 the	 same	 lengths	 of	exposure	 (0,	 7	 and	 30	 days).	 Avoidance	 was	 observed	 for	 foam	 1	 in	 one	 soil	 type,	however	no	behavioural	changes	were	observed	in	any	other	foam	or	soil	combination.	The	 observed	 avoidance	 for	 foam	 1	 in	 the	 one	 soil	 can	 therefore	 not	 conclusively	 be	linked	to	the	application	of	foam.		
		
xx	
Changes	 in	microbial	activity	 in	 the	 three	NSW	soils	as	a	result	of	exposure	 to	 foam	1	and	2	at	day	0	and	day	30	were	evaluated.	No	significant	inhibition	of	microbial	activity	was	detected	in	any	soil/foam	combination.		The	results	of	this	study	indicate	no	significant	ecotoxicological	or	microbial	effects	on	a	variety	of	soil	systems	as	a	result	of	exposure	to	the	two	Class	A	foams.	
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1.1 Background		
	
1.1.1 History	of	firefighting	techniques	in	Australia	
	Fire	 plays	 a	 vital	 role	 in	 ecosystems	 and	 has	 caused	 numerous	 adaptations	 in	 both	plants	 and	 animal	 species.	 The	 origin	 of	 fire	 is	 tied	 to	 the	 origin	 of	 vegetation,	 as	vegetation	provides	two	of	the	three	elements	crucial	 to	the	existence	of	 fire:	 fuel	and	oxygen	(Pausas	&	Keeley	2009).			The	use	of	fire	allowed	humans	to	colonise	colder	environments	and	protect	themselves	from	predators.	There	 is	evidence	of	 controlled	 fire	use	as	early	as	approximately	1.5	million	 years	 ago.	 Humans	 have	 utilised	 fire	 for	 millennia,	 for	 cooking,	 warmth,	protection,	agricultural	and	social	purposes.	As	a	result	of	this,	 firefighting	has	existed	as	 long	 as	 humans	 have	 utilised	 fire	 (Luke	 &	 Macarthur	 1978).	 Humans	 have	significantly	 affected	 fire	 regimes,	 mainly	 in	 ways	 that	 shape	 the	 sustainability	 of	ecosystems	(Pausas	&	Keeley	2009).		The	 management	 and	 controlled	 use	 of	 fire	 have	 been	 employed	 in	 Australia	 for	thousands	 of	 years	 beginning	 with	 Indigenous	 Australians.	 It	 is	 documented	 that	Indigenous	 Australians	 burned	 select	 areas	 of	 vegetation	 for	 selective	 agricultural	purposes,	and	as	a	result,	many	species	have	adapted	these	practices.	These	Indigenous	practices	were	suppressed	following	colonisation;	however	similar	techniques	are	still	used	today	(Gott	2005).		Fire	 extinguishing	 is	 extremely	 important	 in	 Australia	 as	 it	 is	 amongst	 the	most	 fire-prone	 continents	 (Russell-Smith	 et	 al.	 2007).	 Extinguishing	 these	 fires	 is	 crucial	 in	protecting	residents,	infrastructure,	habitats,	flora	and	fauna.	However,	it	is	crucial	that	the	methods	employed	to	extinguish	these	flames	are	less	harmful	than	the	fire	itself.			Traditional	forms	of	firefighting	included	the	use	of	back	burning,	hand	tools,	firebreaks,	and	 most	 commonly,	 the	 use	 of	 water	 to	 suppress	 and	 extinguish	 flames	 (Overton	1996).	However,	with	the	increase	in	human	population	and	density,	the	need	for	faster	
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and	greater	 forms	of	 suppression	are	 required	 for	high-intensity	 fires	 to	protect	both	humans	and	natural	environments	(Bowman	et.	al	2011).	
	
1.1.2 Introduction	and	classification	of	firefighting	foams	
	Firefighting	foams	were	first	employed	in	the	1930s,	and	were	discovered	to	suppress	fires	comprising	of	wood,	paper	and	textiles	more	effectively	than	traditional	 forms	of	fire	extinguishment	(Buhl	&	Hamilton	2000).		The	 traditional	 method	 of	 using	 water	 cools	 the	 vapour	 and	 air	 mass	 above	 a	 fire,	reducing	 the	 energy	 levels	 of	 the	 fire,	 resulting	 in	 fire	 knock-down.	 In	 contrast,	firefighting	 foams	 rely	 on	 the	 formation	 of	 a	 foam	 blanket	 that	 covers	 the	 fire	 and	consequently	 depletes	 the	 fire	 of	 oxygen.	Due	 to	 these	 differences	 in	 operation,	 foam	extinguishment	 is	 particularly	well-suited	 to	 car	 tyre	 or	 similar	 fire	 types,	where	 the	foam	can	penetrate	 the	 fire	effectively.	These	 types	of	 fires	are	notoriously	difficult	 to	fight	with	water	(Filipovic	et	al.	2015).			The	advantage	of	 firefighting	 foams	over	 traditional	water	extinguishment	methods	 is	the	 reduced	 water	 run-off	 generated.	 When	 water	 is	 applied	 to	 a	 fire,	 the	 volatile	compounds	present	at	the	fire	scene	have	the	potential	to	migrate	into	the	water.	As	the	use	 of	 water	 potentially	 results	 in	 run-off,	 these	 compounds	 are	 able	 to	 enter	 the	surrounding	 environment.	 As	 the	 foam	 (when	 used	 in	 isolation)	 is	 stagnant,	 the	 fire	scene	 is	 contained	 and	 results	 in	 easy	 cleanup.	 This	 is	 beneficial	 in	 protecting	 the	environment	and	human	health	 (Department	of	Environment	and	Heritage	Protection	2016).	In	addition,	the	use	of	firefighting	foams	often	results	in	a	faster	fire	knock-down	compared	to	water,	which	means	that	less	hazardous	compounds	are	released	into	the	air.	A	report	conducted	by	Stern	and	Routley	(1996),	surveyed	the	use	of	Class	A	foams	among	several	fire	departments	in	the	United	States	and	reported	many	advantages	of	its	use	over	traditional	methods	including,	faster	fire	suppression	and	extinguishment,	conservation	of	water	supply,	relatively	low	cost,	formation	of	a	protective	blanket	and	in	some	cases	helping	preserve	evidence	of	the	cause	of	the	fire.		
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Firefighting	 foams	 are	 supplied	 by	 manufacturers	 as	 a	 liquid	 concentrate,	 which	 is	comprised	 mainly	 of	 water.	 Foam	 concentrates	 are	 also	 comprised	 of	 solvents,	modifiers	 and	 surfactants	 (Holmes	2015).	 Surfactants	 are	detergents	 that	 are	used	 to	break	down	the	surface	tension	of	water	and	is	the	key	component	of	foams	that	aid	in	the	 extinguishment	 of	 a	 fire	 (Taylor	 1997).	 Foam	 concentrations	 of	 0.1-1.0%	 are	commonly	used	in	firefighting	applications	(Larson	et	al.1999).		There	are	 two	 classifications	of	 firefighting	 foams:	Class	A	and	Class	B	 foams.	Class	A	foams	are	used	for	Class	A	fires	which	are	composed	of	combustibles,	including	timber	and	 tyres,	 and	 includes	 bushfires	 (Fire	 Apparatus	 and	 Emergency	 Equipment	 2010).	Class	A	 foams	are	 fluorine-free	 foams	which	extinguish	 fires	by	soaking	 into	the	solid,	combustible	 materials.	 Firefighting	 foams	 break	 down	 the	 surface	 tensions	 of	 water	helping	 water	 penetrate	 burning	 material	 to	 suppress	 a	 fire	 (Holmes	 2015).	Furthermore,	 Class	 A	 foams	 are	 currently	 believed	 to	 have	 minimal	 impact	 on	vegetation,	 soil	 macrofauna	 and	 terrestrial	 fauna;	 however,	 there	 is	 potential	 for	adverse	 impacts	on	aquatic	ecosystems,	 through	the	depletion	of	oxygen	(Department	of	 Environment	 and	 Heritage	 Protection	 2016).	 Although	 historically	 specific	 foam	types	were	used	for	specific	types	of	fires,	there	has	been	a	shift	to	utilise	Class	A	foams	for	fire	types	other	than	Class	A.	This	will	be	discussed	in	more	detail	in	section	1.1.4.		Class	 B	 fires	 consist	 of	 flammable	 liquids	 and	 gases	 and	many	 Class	 B	 foams,	 unlike	Class	A	foams,	contain	fluorinated	organic	compounds	(FOCs)	including	perfluorooctane	sulfonate	 (PFOS)	 and	 perfluorooctanoic	 acid	 (PFOA).	 Due	 to	 the	 presence	 of	 these	fluorinated	compounds,	Class	B	 foams	pose	significant	environmental	concerns	due	to	the	extreme	persistence	of	FOCs	in	the	environment	and	humans	(refer	below	for	more	information)	 (Holmes	 2015;	 NSW	 Health	 2017).	 Additionally,	 they	 are	 also	 highly	corrosive	 and	must	 be	 thoroughly	 flushed	 out	 of	 operating	 equipment	 to	 avoid	 long	term	damage	(Fire	Apparatus	and	Emergency	Equipment	2010).		FOCs	have	been	a	common	ingredient	in	firefighting	foams	for	many	decades,	being	the	key	 to	 the	 properties	 and	 effectiveness	 of	 these	 foams.	 The	 chemicals	 used	 in	 the	composition	of	firefighting	foams	vary	broadly	due	to	the	variation	in	foam	types.	There	
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is	 a	 variety	 of	 chemicals	 that	 are	 added	 to	 foam	 concentrates	 that	 vary	 from	manufacturer	 to	manufacturer,	 and	 these	 include,	 preservatives,	 stabilisers,	 corrosion	inhibitors	 and	 anti-freeze	 chemicals.	 These	 chemicals,	 along	 with	 the	 foundation	compounds	 (FOCs),	 have	 been	 determined	 to	 be	 potential	 environmental	 pollutants	(Moody	and	Field	2000).			Due	 to	 the	 negative	 ecological	 impacts	 of	 Class	 B	 foams	 containing	 fluorinated	compounds,	the	industry	has	begun	to	move	away	from	the	use	of	fluorinated	foams.	In	response	 to	 this	 shift,	 fluorine-free	Class	B	 foams	 (FFF)	have	been	developed	and	are	being	used	in	replacement	of	Class	B	foams	that	contain	fluorinated	compounds	such	as	PFOS	 and	 PFOA,	 to	 minimise	 the	 ecological	 impact	 of	 these	 firefighting	 techniques.	Fluorine-free	Class	B	 foams	operate	 in	 the	same	manner	as	 fluorinated	Class	B	 foams,	and	although	are	most	suitable	for	extinguishing	Class	B	fires,	can	be	used	to	fight	other	classifications	of	fire;	however	less	efficiently	(Allcorn	et	al.	2018).	
	
1.1.3 History	of	Class	B	foams		
1.1.3.1 Ecological	effects	of	Class	B	foams		Until	 recently,	 Class	 B	 foams	 containing	 PFOA	 and	 PFOS	 were	 the	 primary	 type	 of	firefighting	 foam	used,	however,	 in	recent	years,	 there	has	been	a	growing	concern	of	the	potential	for	very	significant,	long-term	and	extensive	adverse	effects	of	these	foams	to	 both	 environmental	 and	 human	 health	 (Steenland	 et	 al.	 2010;	 Melzer	 et	 al.	 2010;	Labat	Environmental	2013).	As	a	result	of	this,	 foams	containing	PFOS	and	PFOA	have	been	under	particular	scrutiny,	urging	a	reevaluation	of	their	use.	This	has	inspired	the	search	for	alternate	foams	that	do	not	pose	the	same	risks	to	environmental	and	human	health	 (Department	 of	 Environment	 and	 Heritage	 Protection	 2016).	 The	 specific	environmental	 effects	 of	 firefighting	 foams	 differ	 due	 to	 varying	 composition.	Information	 relevant	 to	 the	 biodegradability	 and	 toxicity	 of	 a	 particular	 product	 can	only	be	obtained	from	the	manufacturer;	this	causes	issues	in	producing	a	comparative	analysis	of	foams	(Department	of	Environment	and	Heritage	Protection	2016).				
Chapter	One	 	 Introduction	
6	
Adams	and	Simmons	(1999)	illustrated	the	ecological	effects	of	these	fire	extinguishing	foams	 and	 retardants	 and	 concluded	 that	 a	 number	 of	 negative	 side	 effects	 and	 high	toxicities	were	observed	when	terrestrial	and	aquatic	species	were	exposed	to	Class	B	foams.	 Hopmans	 et	 al.	 (2007)	 illustrated	 that	 soil	 pH,	 soil	 salinity	 and	 extractable	phosphorus	levels	in	the	soil	were	all	affected	by	long-term	exposure	to	these	foams.	As	with	 Class	 A	 foams,	 Class	 B	 foams	 have	 a	 high	 biochemical	 oxygen	 demand	 (BOD),	meaning	 they	 require	 large	amounts	of	oxygen	 in	order	 to	degrade.	This	poses	 issues	especially	when	 foams	 enter	waterways,	 as	 oxygen	 is	 removed	 from	 the	 surrounding	environment	 and	 a	 rapid	 depletion	 of	 oxygen	 can	 result	 in	 the	 asphyxiation	 of	organisms	(Colville	&	McCarron	2003).		Fluorinated	 foams	 degrade	 in	 the	 environment	 to	 a	 certain	 degree,	 however,	fluorosurfactants	 (such	 as	 PFOS	 and	 PFOA)	 residues	 are	 left	 behind	 (Moody	 &	 Field	2000).	The	fluorosurfactants	present	in	these	foams	have	been	discovered	to	remain	in	soil	and	groundwater	where	Class	B	foams	have	been	applied	on	grass	or	soil	surfaces,	resulting	 in	 the	 possibility	 of	 these	 fluorosurfactants	 migrating	 to	 surrounding	 areas	(Moody	&	Field	1999).			Additionally,	FOCs	are	bioaccumulative	and	toxic	 to	mammalian	species	and	PFOS	has	been	found	to	accumulate	particularly	in	fish,	fish-eating	birds,	and	marine	mammals.	It	has	 been	determined	 that	 PFOS	poses	 low	 to	moderate	 toxicity	 to	 aquatic	 organisms,	and	is	acutely	toxic	to	frogs	and	bees	(United	States	Environmental	Protection	Agency	2003).	 Studies	 conducted	 in	 Japan	 have	 discovered	 traces	 of	 FOCs	 in	 the	 blood	 and	livers	of	fish	and	bodies	of	water	(Taniyasu	et	al.	2002).		The	environmental	impact	of	PFOS	and	PFOA	is	highlighted	by	multiple	contaminations	including	 the	Williamtown	 contamination	 of	 2016	 (Cox	 2016),	 which	was	 a	 result	 of	firefighting	 foam	 leaking	 from	 the	 nearby	Williamtown	RAAF	 base.	 As	 a	 result	 of	 the	lawsuit	 regarding	 this	 case,	 the	C8	 Science	 Panel	concluded	 that	 PFOA	 could	 be	carcinogenic,	causing	kidney	cancer	and	testicular	cancer,	along	with	other	conditions	such	 as	 thyroid	 disease,	 ulcerative	 colitis,	 pregnancy-induced	 hypertension,	 and	 high	cholesterol.	 The	 use	 of	 firefighting	 foam	 containing	 PFOS	 and	 PFOA	 continues	 to	 be	
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allowed	 under	 the	 Stockholm	 Convention,	 although	 due	 to	 issues	 caused	 by	 these	contaminations,	this	may	change	in	the	near	future	(Chang	2016).		A	recent	contamination	incident	in	Australia	occurred	at	the	Qantas	hanger	at	Brisbane	Airport	in	April	2017	that	resulted	in	thousands	of	litres	of	Class	B	foam	leaking	into	a	river	resulting	in	a	fish	kill.	A	statement	regarding	the	incident	by	the	Federal	Minister	for	Infrastructure	said	Australia	was	now	considering	the	"transitional	removal"	of	the	use	of	FOCs	in	firefighting	foams.	Queensland	introduced	a	ban	of	PFOS	and	PFOA	in	July	2016	after	groundwater	contamination	surrounding	the	Army	Aviation	Centre	at	Oakey	occurred,	 resulting	 in	a	 loss	of	$65	million	which	was	spent	remediating	 the	chemical	contamination	(Gregory	&	Brian	2017).				
1.1.3.2 Effects	of	Class	B	foams	on	human	health		Research	has	highlighted	the	negative	effects	fluorinated	foams	have	on	human	health.	Studies	 conducted	by	Moody	 and	Field	 (1999	&	2000)	 specify	 that	 repeated	usage	 of	foams	containing	FOCs	has	resulted	in	PFOS	and	PFOA	contaminating	groundwater,	and	additional	 studies	 have	 indicated	 that	 PFOS	 is	 persistent	 in	 soil	 and	 sewage	 sludge	(Zhang	 et	 al	 2013;	 Zhou	 et	 al.	 2010).	 PFOS	 and	 PFOA	 have	 been	 detected	 in	 blood	samples	of	humans,	most	worryingly	with	levels	of	PFOA	in	children	exceeding	the	level	that	 is	 believed	 to	 cause	 serious	 toxicity	 (Department	 of	 Environment	 and	 Heritage	Protection	2016).		Both	PFOS	and	PFOA	have	been	identified	as	a	potential	cause	for	a	number	of	cancers	and	toxic	health	consequences	in	humans	as	a	result	of	long-term	exposure	to	products	containing	 FOCs	 (Agency	 for	 Toxic	 Substances	 and	 Disease	 Registry	 2017).	 These	factors	 indicate	 that	 the	 continued	 use	 and	 poor	 management	 of	 firefighting	 foams	containing	 PFOS	 and	 PFOA	 is	 cause	 for	 major	 concern	 for	 both	 environmental	 and	human	 health.	 If	 grass,	 soil	 or	 stormwater	 drains	 are	 exposed	 either	 purposefully	 or	accidentally	to	foam-contaminated	water,	these	compounds	are	able	to	migrate	through	soil	 or	 travel	 to	 bodies	 of	water	 such	 as	 creeks,	 dams	 and	 reservoirs	 (Department	 of	Environment	 and	 Heritage	 Protection	 2016).	 Consequentially,	 this	 can	 result	 in	 the	
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contamination	of	both	humans	and	animals,	highlighting	the	need	for	the	re-evaluation	of	the	use	and	disposal	of	foam	containing	fluorinated	compounds.		
1.1.4 Switch	to	Class	A	foams	
	As	a	result	of	the	environmental	effects	of	Class	B	foams,	call	for	change	has	come	from	government	 agencies,	 firefighting	 organisations	 and	 the	 public	 for	 the	 use	 of	 safer	alternatives.	 In	 recent	years,	 there	has	been	an	 increased	emphasis	on	environmental	health;	 this	 has	 resulted	 in	 the	 criticism	 of	 the	 use	 of	 chemicals	 that	 are	 a	 risk	 to	environmental	and	human	health.		Due	 to	 the	 environmental	 persistence,	 toxicity	 and	 bioaccumulation	 of	 Class	 B	 foams	that	 contain	 PFOS	 and	 PFOA,	 in	 2002	 the	 United	 States	 Environmental	 Protection	Agency	 banned	 products	 containing	 these	 compounds	 from	 the	 market.	 However,	products	 containing	 PFOS	 and	 PFOA	 are	 still	 being	 used	 in	 Australia	 (Colville	 &	McCarron	 2003).	 Class	 B	 foams	 containing	 FOCs	 are	 being	 replaced	 with	 non-fluorinated	or	Class	A	 foams.	Class	A	 foams	are	currently	believed	to	not	pose	serious	environmental	impacts	(Fire	Apparatus	and	Emergency	Equipment	2010).	However,	 Class	A	 foams	 cannot	 replace	Class	B	 foams	 entirely.	 Class	A	 foams	 are	not	suitable	for	all	fire	types	and	cannot	merely	replace	Class	B	foams	in	all	instances,	as	the	composition	of	a	 fire	determines	what	 foam	 is	optimum	for	extinguishment.	Based	on	the	difference	in	chemical	composition	of	Class	A	and	B	foams	a	Class	A	foam	cannot	be	used	on	a	Class	B	fire	(Department	of	Environment	and	Heritage	Protection	2016).	An	important	recent	advancement	is	the	development	of	Class	B	foams	that	do	not	contain	FOCs.	 These	 are	 known	 as	 FFFs	 (fluorine-free	 foams)	 and	 can	 be	 used	 in	 instances	where	Class	A	foams	are	not	suitable.		The	 gradual	 shift	 from	 Class	 B	 foams	 that	 contain	 fluorosurfactants	 to	 Class	 A	 foams	which	 do	 not	 contain	 these	 compounds,	 is	 an	 important	 advancement	 for	 both	 the	firefighting	 practices	 and	 the	 protection	 of	 the	 environment.	 Due	 to	 the	 numerous	examples	of	exposure	to	Class	B	 foams	resulting	 in	contamination	and	having	adverse	effects	on	both	the	environment	and	humans,	this	switch	to	Class	A	warrants	extensive	
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research	 in	 regards	 to	 the	 potential	 effects	 of	 Class	 A	 foams	 on	 humans	 and	 the	environment.	One	aspect	that	requires	further	investigation	is	the	effect	of	Class	A	foam	on	soil	systems,	which	forms	the	focus	of	this	research	project.		
1.1.5 Compressed	Air	Foam	Systems	(CAFS)		Compressed	 Air	 Foam	 Systems	 (CAFS)	 is	 a	 method	 used	 to	 generate	 and	 deliver	firefighting	foam	to	extinguish	a	fire,	or	to	protect	unburned	areas	at	risk.	A	compressed	air	 foam	 system	 is	 typically	 comprised	 of	 a	water	 source,	 a	 tank	 containing	 the	 foam	concentrate,	 a	 pump,	 a	 mixing	 chamber,	 an	 air	 compressor	 and	 system	 controls	 to	regulate	the	ratio	of	concentrate,	water	and	air	(Fu	et	al.	2012).	As	discussed	in	section	1.1.2,	firefighting	foams	liquid	concentrate	is	used	to	produce	firefighting	foams,	and	are	commonly	used	at	concentrations	between	0.1	-	1.0%	(Larson	et	al.	1999).		Standard	methods	of	generating	firefighting	foam	add	foam	concentrate	to	the	nozzle	of	a	 water	 hose,	 mixing	 water	 and	 foam	 concentrate	 during	 application	 (Taylor	 1997).	However,	 CAFS	 differs	 to	 these	 standard	 methods	 as	 the	 foam	 is	 generated	 prior	 to	being	expelled	from	the	nozzle.	This	creates	a	foam	that	has	a	watery	shaving	foam-like	consistency	 (Colletti	1992).	The	 foams	used	 throughout	 this	project	will	be	generated	and	applied	via	CAFS.			
1.2 Understanding	soil	systems	
	Life	on	Earth	began	in	the	ocean,	and	as	the	water-based	species	evolved	over-time	and	moved	 onto	 land,	 the	 by-products	 of	 this	 evolution	 acted	 as	 the	 foundations	 of	 the	earliest	soils.	The	organic	material	produced	from	the	life	and	death	of	these	organisms	interacted	with	the	abundance	of	inorganic	elements	of	the	land	to	form	the	first	soils.	As	a	result	of	this,	the	earliest	soils	were	more	dependent	on	plants	than	current	soils	(Chapin	2011).	Currently,	vegetation	relies	on	the	soil	it	is	growing	in	for	a	large	portion	of	its	nutrients	(Barber	et	al.	1963).	Soil	structure	influences	and	affects	the	growth	and	activity	 of	 the	 organisms	 living	 within	 it.	 In	 turn,	 vegetation,	 fauna	 and	microbes	 all	affect	soil	structure	(Angers	&	Caron	1998).		
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Soil	 is	 one	 of	 the	most	 complex	 habitats	 on	 the	 planet,	 and	 its	 biological	 systems	 are	poorly	understood	(Stork	&	Eggleton	1992).	Natural	soils	are	an	amalgam	of	biological	and	clastic	materials,	with	a	significant	living	component	(Culliney	2013).	Soil	health	is	a	soil’s	ability	to	function	as	a	living	system,	and	its	ability	to	promote	and	sustain	plant	and	 animal’s	 productivity	 and	 health,	 and	maintain	 or	 enhance	 air	 and	water	 quality	(Doran	&	Zeiss	2000).			Maintaining	 healthy	 soil	 is	 crucial	 in	 maintaining	 healthy	 ecosystems.	 In	 order	 to	maintain	appropriate	soil	health,	each	individual	constituent	within	a	soil	system	must	be	 conserved	and	not	 compromised,	 otherwise,	 this	will	 affect	other	 facets	of	 the	 soil	system,	 resulting	 in	 an	 imbalance.	 The	 variation	 of	 soil	 properties	 between	 soils	influences	almost	any	conceivable	use	or	study	of	a	given	soil	(Campbell	1979).			
1.2.1 Effects	of	Class	A	foams	on	soil	
	Studies	determining	 the	effects	of	Class	A	 foams	on	a	variety	of	soil	constituents	have	been	conducted	 in	a	variety	of	 locations	 including	Western	Australia	(Kennedy	2002),	Victoria	(Hartskeerl	2004),	and	United	States	(Larson	et	al.	1999),	however	none	have	been	conducted	within	the	Western	Sydney	area,	nor	have	been	conducted	recently.	The	results	 of	 studies	 conducted	 by	 Hartskeerl	 et	 al.	 (2004),	 and	 Larsen	 et	 al.	 (1999)	 all	indicate	 that	 exposure	 to	 foams	 increases	 overall	 biomass	 of	 vegetation	 growth.	Kennedy	(2002)	indicated	that	exposure	to	a	variety	of	foams,	at	various	concentrations	did	suppress	seed	germination	at	higher	concentrations.		The	 results	 of	 previous	 studies	 can	 be	 used	 as	 indicators	 for	 how	 Class	 A	 foams	 are	likely	 to	 behave	 in	 local	 soils.	 However,	 as	 the	 physical,	 chemical	 and	 biological	characteristics	of	 a	 soil	 differ	 in	both	 time	and	 space	 (Nannipieri	 et	 al.	 2003),	 studies	must	be	conducted	on	local	soils	to	determine	the	specific	local	effects	of	Class	A	foams.	By	 determining	 the	 effects	 of	 Class	 A	 foams	 on	 a	 variety	 of	 soil	 properties,	 the	overarching	ecological	effects	of	these	substances	on	soil	systems	can	be	evaluated.	This	is	the	focus	of	this	project.	
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1.2.2 Terrestrial	Vegetation	
	Healthy	vegetation	is	crucial	for	a	sustainable	ecosystem,	as	vegetation	serves	as	a	food	source	 for	 a	 variety	 of	 species	 including	 humans.	 Vegetation	 is	 used	 for	 a	 variety	 of	purposes	other	than	as	a	food	source,	including	as	a	habitat	for	a	variety	of	species,	and	as	products,	such	as	wood	as	a	construction	material	(Chapin	2011).		Terrestrial	plants	play	a	 large	role	 in	soil	structure	by	affecting	the	structural	stability	and	form.	One	of	the	most	notable	mechanisms	for	this	is	the	formation	and	growth	of	plant	 roots.	As	plant	 roots	penetrate	 the	 soil,	 they	 favour	 fluid	 transport.	The	wetting	and	drying	cycles	associated	with	vegetation	growth	affects	soil	structure,	particularly	the	drying	of	soil,	as	this	causes	soil	shrinkage.	Soil	shrinkage	can	strengthen	the	soil	in	addition	 to	 strengthening	 caused	 by	 the	 anchorage	 of	 plant	 roots.	 (Angers	 &	 Caron	1998).		Plants	 utilise	 mineral	 nutrients	 from	 soil	 in	 inorganic	 forms	 and	 are	 therefore	dependent	on	the	rate	at	which	mineralisation	occurs	in	soil.	It	is	believed	that	nutrient	mineralisation	is	the	result	of	soil	microflora	activity,	while	soil	fauna	is	believed	to	have	only	an	insignificant	direct	 influence	(Reichle	1977).	There	is	a	solid	understanding	of	vegetation’s	ability	to	indicate	general	environmental	health.	Studies	of	vegetation	can	therefore	also	 indicate	 the	presence	of	potential	contaminants	 including	high	 levels	of	metals	(Cole	&	Smith	1984).		The	minerals	present	 in	a	soil	pass	from	the	soil	 into	the	vegetation	and	back	into	the	soil.	This	movement	allows	for	potential	contaminants	to	be	absorbed	into	vegetation,	resulting	 in	 the	 growth	 of	 this	 vegetation	 being	 affected.	 The	 contamination	 of	vegetation	 severely	 affects	 an	 ecosystem’s	 food-web,	 as	 vegetation	 serves	 as	 the	foundation	 of	 many	 species’	 diets.	 Vegetation	 contamination	 accumulates	 in	multiple	points	of	the	food-web	(Cole	&	Smith	1984).			When	studying	the	effects	of	a	substance,	such	as	Class	A	foams,	evaluating	the	effects	on	 terrestrial	vegetation	growth	and	development	 is	vital	 to	gain	an	understanding	of	
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the	 toxicity	 of	 the	 foams.	 It	 is	 crucial	 to	maintain	 healthy	 terrestrial	 vegetation	 for	 a	sustainable	 ecosystem.	 It	 is	 vital	 that	 substances	 commonly	 used	 in	 terrestrial	environments,	such	as	firefighting	foams,	are	evaluated	to	ensure	no	potential	harm	to	these	 environments	 is	 caused	 as	 a	 result	 of	 exposure	 to	 these	 substances.	 Negative	effects	on	the	growth	and	sustainability	of	terrestrial	vegetation	can	have	lasting	effects	on	 a	 soil	 system,	 due	 to	 the	 interdependence	 of	 soil	 properties	 including	 microbial	activity,	flora	and	fauna	(Osman	2013).		By	evaluating	the	differences	 in	growth	of	 terrestrial	plant	species	 in	undisturbed	soil	and	soil	exposed	to	Class	A	foams,	the	effect	of	Class	A	foams	on	terrestrial	vegetation	can	be	determined,	fulfilling	the	first	objective	of	this	research	as	outlined	in	section	1.3.			
1.2.3 Soil	Invertebrates		Soils	 harbour	 a	 large	 variety	 of	 fauna	 including	 carnivores,	 herbivores,	 parasites	 and	predators,	all	playing	an	integral	role	in	the	physical,	chemical	and	biological	processes	in	 a	 soil	 system	 (Lavelle	 et	 al.	 2006).	 Soil	 invertebrates	 are	 extremely	 diverse	 and	 in	recent	estimations,	are	believed	to	represent	up	to	23%	of	 the	total	diversity	of	 living	organisms	that	have	been	discovered	to	date	(Lavelle	at	al.	2006).	Invertebrates	found	in	soil	are	categorised	into	the	following	groups	depending	on	their	size	and	the	ways	in	which	they	interact	with	their	habitats;	microfauna,	mesofauna	and	macrofauna.			Invertebrates	classified	as	‘microfauna’	are	smaller	than	100μm	and	these	invertebrates	are	 mostly	 nematodes,	 however,	 may	 comprise	 of	 some	 Protozoa.	 Nematodes	 are	associated	with	water	in	soil,	and	can	be	found	on	water	films,	on	the	surface	of	soil	and	organic	 particles,	 and	 in	water-filled	pores.	 The	 ‘Mesofauna’	 classification	 includes	 all	invertebrates	 whose	 size	 allows	 them	 to	 overcome	 the	 surface	 tension	 of	 water,	however,	are	not	 large	enough	to	disrupt	soil	structure	with	their	movement	(Stork	&	Eggleton	 1992).	 This	 classification	 includes	 invertebrates	 such	 as	 mites,	 springtails,	worms,	 millipedes	 and	 a	 range	 of	 small	 larval	 and	 adult	 insects.	 A	 large	 number	 of	mesofauna	 species	 are	 mycophagous,	 meaning	 they	 affect	 soil	 fungal	 populations	greatly.	The	final	group	of	invertebrates,	known	as	‘macrofauna’,	are	those	that	are	large	
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enough	to	disrupt	the	soil	with	their	activity.	The	most	notable	of	these	species	include	earthworms,	woodlice,	termites,	flies,	ants	and	beetles	(Stork	&	Eggleton	1992).		It	 is	difficult	 to	 identify	specific	species	 that	are	more	 important	 for	 the	structure	of	a	community,	as	each	individual	species	plays	a	crucial	role	in	either	the	maintenance	of	a	system	or	in	the	food	web	of	that	community.	However,	in	soil	systems,	species	that	may	be	considered	‘ecosystem	engineers’	are	earthworms,	termites	and	ants,	most	notably	in	tropical	 areas.	 (Stork	 &	 Eggleton	 1992).	 Ecosystem	 engineers	 are	 organisms	 that	physically	 adjust	 an	 ecosystem,	 indirectly	 or	 directly	 modifying	 the	 availability	 of	resources	to	other	species	(Culliney	2013).	The	loss	of	certain	species	may	not	greatly	affect	 the	 overall	 soil	 quality,	 however,	 can	 pose	 adverse	 impacts	 on	 food	 web	interactions	(Stork	&	Eggleton	1992).			Soil	invertebrates	are	believed	to	be	one	of	the	best	indicators	of	soil	quality	and	are	key	regulators	 of	 soil	 function	 for	 the	 diverse	 range	 of	 processes	 in	 which	 they	 partake	(Lavelle	at	al.	2006).	These	processes	vary	depending	on	the	species	and	environment,	but	include	the	building	and	maintenance	of	aggregation,	structure	and	porosity	of	soil	through	burrowing,	the	incorporation	of	litter,	plant	protection	against	pests,	control	of	microbial	 activities	 and	 the	 acceleration	 of	 plant	 successions	 (Lavelle	 et	 al.	 2006).	General	 soil	 health	 and	 complexity	 can	 be	 indicated	 through	 the	 unambiguous	identification	of	ecosystem	engineers,	the	taxonomic	diversity	of	species	found	within	a	soil,	and	species	richness	of	several	dominant	species	(Stork	&	Eggleton	1992).		As	stated	previously,	maintaining	balance	and	appropriate	health	of	all	soil	properties	is	crucial	 in	 the	 sustainability	 of	 a	 terrestrial	 ecosystem.	 Through	 the	 monitoring	 of	ecosystem	 engineers,	 such	 as	 earthworms,	 general	 soil	 health	 can	 be	 determined	(Hirano	 &	 Tamae	 2011).	 Monitoring	 these	 species	 behaviour	 in	 soil	 exposed	 to	substances,	 such	 as	 Class	 A	 foams,	 can	 indicate	 potential	 toxicity	 to	 terrestrial	invertebrates.	By	evaluating	the	behaviour	of	key	invertebrate	species,	the	threat	posed	to	 soil	 systems	 by	 Class	 A	 foams	 can	 be	 determined.	 By	 comparing	 invertebrate	behaviour	 and	 sustainability	 in	both	 clean	 soil	 and	 soil	 exposed	 to	Class	A	 foams,	 the	effects	of	Class	A	foams	on	soil	invertebrates	can	be	determined.	
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1.2.4 Soil	Microbial	Activity		Soil	 contains	 a	 variety	 of	 micro-organisms	 including	 bacteria,	 fungi,	 algae,	actinomycetes	 and	 protozoa.	 The	 presence	 and	 ratio	 of	 all	 of	 these	 constituents	 vary	from	soil	to	soil	and	can	vary	from	season	to	season.	Bacteria	play	a	crucial	role	in	soil	composition	as	they	have	a	diverse	range	of	metabolic	capabilities	including	anaerobic	respiration,	fixation	of	molecular	nitrogen,	utilisation	of	methane	and	chemolithotropic	growth.	As	a	result,	soil	bacteria	are	the	principal	agents	for	the	cycling	of	a	variety	of	essential	 inorganic	 compounds,	 containing	 sulphur,	 nitrogen	 and	 phosphorus	(Pankhurst	&	Lynch	1995).	Soil	protozoa	serve	as	a	predator	to	control	and	help	the	size	of	 soil	 bacterial	 populations,	 additionally	 promoting	 the	 release	 of	 nutrients	 such	 as	phosphorus	and	nitrogen.			Soil	fungi	are	usually	present	in	lesser	numbers	than	soil	bacteria,	but	may	account	for	up	to	70%	of	a	soil’s	microbial	biomass	(Anderson	&	Domsch	1978).	Similar	to	bacteria,	soil	fungi	are	able	to	exploit	a	variety	of	substrates	in	soil.	They	play	a	large	role	in	the	decomposition	 of	 cellulose	 and	 are	 the	 key	 players	 in	 the	 decomposition	 of	 lignins,	complex	organic	polymers	 that	 form	structural	material	 in	plants	 (Pankhurst	&	Lynch	1995).	The	resulting	breakdown	products	produced	 from	this	process	 release	smaller	molecules	that	are	then	utilised	by	other	soil	organisms.		Good	 soil	 microbial	 health	 is	 important	 to	 ensure	 plant	 growth,	 decay	 and	decomposition	 all	 are	 performed	 effectively	 (Osman	2013).	 It	 is	 essential	 to	maintain	healthy,	balanced	microbial	activity	 to	preserve	healthy	soil	 systems,	which	act	as	 the	foundation	 of	 larger	 ecosystems.	 Determining	 the	 effect	 of	 Class	 A	 foams	 on	 soil	microbial	 activity	 is	 important	 to	 ensure	 the	 use	 of	 these	 substances	 to	 not	 pose	potential	 toxicity	 to	 these	 communities.	 As	 previously	 mentioned,	 maintaining	 the	health	of	each	individual	soil	constituent	is	important,	including	soil	microbial	activity.	By	 identifying	 the	effects	 caused	by	Class	A	 foams	on	 soil	microbial	 activity,	 it	 can	be	determined	whether	Class	A	foams	pose	potential	harm	to	soil	systems.		
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1.3 Research	Rationale		
1.3.1 Purpose	of	Study		Due	 to	 the	 recent	 emphasis	 on	 the	 environmental	 effects	 of	 Class	 B	 foams,	 research	conducted	 on	 firefighting	 foams	 has	 moved	 from	 determining	 the	 effects	 of	 Class	 B	foams,	which	are	now	largely	understood,	to	determining	the	environmental	effects	of	Class	A	foams.	The	public	concern,	especially	from	those	who	reside	in	areas	exposed	to	fluorinated	foams,	have	greatly	influenced	this	shift.	
	In	recent	years,	there	has	been	an	increased	emphasis	on	environmental	health;	this	has	resulted	 in	 the	 criticism	 of	 the	 use	 of	 chemicals	 that	 pose	 disadvantageous	environmental	 effects.	 Subsequently,	Class	B	 foams	containing	FOCs	are	being	phased	out	 and	 replaced	 with	 non-fluorinated	 foams	 (Class	 A	 foams).	 Class	 A	 foams	 are	currently	 believed	 to	 not	 pose	 serious	 environmental	 impacts	 (Adams	 &	 Simmons	1999).	As	Class	A	foams	are	being	increasingly	used	to	combat	structural	fires,	there	is	an	increased	chance	of	soil	being	exposed	to	these	substances	(Stern	&	Routley	1996).	Given	 the	 history	 of	 issues	 with	 Class	 B	 foams,	 it	 is	 essential	 that	 Class	 A	 foams	 are	investigated	 to	determine	whether	Class	A	 foams	pose	 the	 same	 threats	 to	 terrestrial	environments	as	Class	B	foams.			This	project	is	targeted	specifically	at	evaluating	the	effects	of	Class	A	firefighting	foams	applied	via	Compressed	Air	Foam	Systems	on	three	types	of	soils	collected	in	NSW.			
1.3.2 Aims	and	Objectives	
	The	 overarching	 aim	 of	 this	 project	 is	 to	 provide	 a	 preliminary	 evaluation	 of	 the	ecological	 impact,	 if	any,	of	Class	A	 firefighting	 foams	applied	via	CAFS	on	a	variety	of	New	South	Wales	soils.	The	individual	objectives	of	the	project	are	as	follows:		
Ø The	evaluation	of	the	short-term	effects	of	Class	A	foams	on	plant	emergence	and	growth	in	a	variety	of	soil	types	found	in	NSW.		
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Ø The	evaluation	of	the	short-term	effects	of	Class	A	foams	on	soil	invertebrates	in	a	variety	of	soils.		
Ø The	 evaluation	 of	 the	 short-term	 effects	 of	 Class	 A	 foams	 on	 soil	 microbial	communities	in	a	variety	of	soils.	
Ø The	evaluation	of	whether	Class	A	surfactant	binds	to	soil	or	passes	through	soil	matrices.			By	 evaluating	 each	 of	 these	 objectives,	 this	 project	 will	 contribute	 to	 gaining	 further	knowledge	on	Class	A	foam’s	behaviour	in	terrestrial	environments,	therefore	providing	information	that	can	aid	in	the	understanding	of	how	Class	A	foams	should	be	used	and	managed.	This	project	acts	as	a	pilot	 study	 for	 the	evaluation	of	 the	effects	of	Class	A	foams	 on	 NSW	 soils,	 as	 the	 results	 of	 this	 research	 provide	 a	 general	 scope	 of	 these	foams	effects	on	a	variety	of	soil	systems.	
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2.1 Overview	of	soil	types	used	
	Soil	was	collected	from	three	different	locations.	These	locations	were	chosen	based	on	prior	knowledge	and	advice	 from	the	NSW	Office	of	Environment	and	Heritage	(OEH)	and	 Department	 of	 Primary	 Industries	 (DPI).	 The	 three	 locations	 contained	 soil	 of	different	compositions	and	were	deemed	suitable	to	represent	a	range	of	different	soil	types	commonly	encountered	in	NSW.			
2.1.1 Soil	from	the	Centre	for	Recycled	Organics	in	Agriculture	(CROA)	site		
	The	 first	 soil	 was	 collected	 from	 the	 Department	 of	 Primary	 Industries	 ‘Centre	 for	Recycled	Organics	in	Agriculture	(CROA)	site	at	Belgenny	Farm,	Camden,	NSW	(Figure	2.1).	The	soil	present	at	this	site	was	medium	brown	in	colour	and	many	clumps	were	present	in	the	soil	due	to	the	dry	conditions	of	the	site;	however,	these	were	removed	during	homogenisation	(see	section	2.1.5).																		 	
Figure	2.1	-	CROA	site	at	Belgenny	Farm,	Camden	where	CROA	soil	was	
collected.	
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2.1.2 Soil	from	Dairy	site		
	The	 second	 soil	was	 also	 collected	 from	 the	Department	 of	 Primary	 Industries	 site	 at	Belgenny	Farm,	Camden,	NSW;	however,	this	soil	was	collected	on	the	other	side	of	the	farm	in	close	proximity	to	a	dairy	site	(see	Figure	2.2).	The	soil	present	at	this	site	was	also	medium	 brown	 in	 colour	 and	was	 also	 heavily	 clumped	 together	 due	 to	 the	 dry	conditions.	These	clumps	were	separated	during	homogenisation	(see	section	2.1.5).															
2.1.3 Soil	from	Jenolan	Caves			The	 third	 soil	 was	 collected	 from	 Jenolan	 Caves,	 NSW	 (33.82179S	 150.01893E).	 The	soil	was	collected	 from	a	vegetation	patch	near	a	visitor	carpark	(see	Figure	2.3).	The	soil	 present	 at	 this	 site	was	 a	 darker	 brown	 than	 the	 previous	 two	 sites	 and	 did	 not	contain	many	clumps.	A	large	amount	of	rocks	was	present	in	the	soil;	however,	these	were	removed	during	homogenisation	(see	section	2.1.5).		
	
Figure	2.2	-	Dairy	site	at	Belgenny	Farm,	Camden	where	Dairy	soil	was	
collected.	
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2.1.4 Soil	collection		Approximately	5	 large	 (~20L)	buckets	 of	 each	 soil	were	 collected	using	 shovels.	 This	was	a	sufficient	quantity	for	the	testing	required	and	was	within	physical	limits	in	terms	of	handling	and	transporting	the	soil.	
									
2.1.5 Homogenisation	of	soil	
	Rocks	 and	 plant	 matter	 were	 removed	 from	 the	 soils	 and	 large	 clumps	 of	 soil	 were	broken	 up	 using	 a	 pestle.	 The	 three	 soils	were	 sieved	with	 a	 2.36mm	 sieve	 (Greer	&	Ashburner,	 Australia)	 based	 on	 recommendation	 from	 the	Office	 of	 Environment	 and	Heritage.	As	a	result	of	this,	particles	larger	than	2.36mm	were	excluded.	The	soils	were	air	dried	for	24	hours	prior	to	use.			
Figure	2.3	-	Site	at	Jenolan	Caves	where	Jenolan	soil	was	collected	from.	
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2.2 Soil	Characterisation	Testing	
	The	 following	 soil	 characterisations	 were	 carried	 out	 on	 the	 three	 soils.	 Additional	characterisations	than	those	outlined	in	the	sections	below	were	performed	by	external	laboratories	(see	Chapter	3	for	all	testing	performed).		
2.2.1 pH	of	1:5	(w/v)	soil/water	suspension			The	 pH	 of	 each	 soil	 was	 determined	 by	 utilising	 the	 method	 presented	 by	 Rayment	(2011).			A	1:5	(w/v)	soil/water	suspension	mixture	was	prepared	by	weighing	20g	of	each	soil	into	 a	 clean	250mL	beaker,	 and	 adding	100mL	of	 deionised	water.	Using	 a	 sonicator,	each	 beaker	 was	 sonicated	 at	 25°C	 for	 1	 hour.	 The	 beakers	 were	 then	 left	 for	approximately	30	minutes	to	allow	the	soil	to	settle.	
	The	 pH	 meter	 (‘827	 pH	 lab’,	 Metrohm,	 Switzerland)	 was	 calibrated	 according	 to	manufacturer’s	 instructions	 using	 a	 series	 of	 buffer	 solutions.	 After	 the	 meter	 was	calibrated,	the	pH	of	each	soil	was	measured.			
2.2.2 Electrical	Conductivity	of	1:5	(w/v)	soil/water	extract			The	electrical	conductivity	of	each	soil	was	measured	following	the	method	presented	by	Rayment	(2011).			A	 1:5	 (w/v)	 soil/water	 suspension	 mixture	 was	 prepared	 in	 the	 same	 manner	 as	described	in	section	2.2.1.		The	conductivity	meter	(‘TPS-90C’,	 labCHEM,	United	States	of	America)	was	calibrated	according	 to	 the	 manufacturer’s	 instructions	 and	 the	 conductivity	 of	 each	 soil	 was	measured.		
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2.2.3 Water	Holding	Capacity	(WHC)	
	The	 water	 holding	 capacity	 of	 each	 soil	 was	 measured	 following	 a	 standard	international	procedure	(Environment	Canada	2013).			130g	 of	 each	 soil	 was	 weighed	 and	 transferred	 into	 a	 clean	 Pyrex	 container.	 Each	container	was	placed	 into	an	oven	at	105°C	and	 left	 to	dry	 for	24	hours.	Once	the	soil	was	dry,	100g	of	each	soil	type	was	weighed	and	transferred	into	clean	250mL	beakers.	100mL	 of	 deionised	 water	 was	 added	 to	 each	 beaker	 and	 the	 mixture	 was	 stirred	thoroughly	 using	 a	 clean	 stirring	 rod.	 Three	 pieces	 of	 filter	 paper	 were	 folded	 and	placed	 into	 clean	glass	 funnels.	The	weight	of	 each	 funnel	with	one	piece	of	dry	 filter	paper	placed	in	it	was	recorded.	Each	piece	of	filter	paper	was	hydrated	using	up	to	9mL	of	deionised	water.	The	wet	filter	paper	and	funnels	were	weighed	and	recorded.	Each	funnel	was	placed	into	a	clean	500mL	conical	flask.	Each	soil	mixture	was	slowly	poured	into	 a	 funnel,	 and	 any	 remaining	 particles	were	 rinsed	 into	 the	 funnel	 using	 as	 little	deionised	water	 as	possible.	 Each	 funnel	was	 covered	with	 aluminium	 foil	 and	 left	 to	drain	for	3	hours	at	room	temperature.	
	Once	the	3	hours	had	elapsed,	each	funnel	containing	the	filter	paper	and	mass	of	soil	were	weighed	using	 an	 analytical	 balance.	 The	water	 holding	 capacity	was	 calculated	using	Equation	2.1.		
Equation	2.1	-	Water	holding	capacity	!"# = % − '	) 	× 	100	
Where:	WHC	=	water	holding	capacity	F	=	Mass	of	funnel,	hydrated	filter	paper,	and	wet	mass	of	soil	(g)	I	=	Mass	of	funnel,	hydrated	filter	paper	and	dry	mass	of	soil	(g)	D	=	100g	(dry	mass	of	soil)			
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2.2.4 Particle	Density			Particle	 density	 of	 soils	 was	 measured	 following	 the	 OEH	 Environmental	 Forensics	laboratory	standard	operating	procedure	(Office	of	Environment	and	Heritage	2018).			15g	of	each	soil	type	was	weighed	off	and	added	to	a	volumetric	flask.	100mL	of	hexane	was	 transferred	 into	 each	 volumetric	 flask.	 Each	 flask	was	 stoppered	 and	 the	outside	was	 wiped	 down	 with	 paper	 towel	 to	 remove	 any	 residual	 material.	 Each	 flask	 was	tilted	and	 swirled	 to	 ensure	all	 soil	was	moistened.	Each	 cap	was	 removed	 to	 release	any	pressure	and	then	replaced.			The	 flasks	 were	 left	 to	 stand	 for	 10	 minutes,	 after	 which	 they	 were	 uncapped	 and	sonicated,	without	heating,	for	20	minutes.	After	the	20	minutes	had	elapsed,	the	flasks	were	 removed	 from	 the	 sonicating	 batch	 and	were	wiped	 down	with	 paper	 towel	 to	remove	any	excess	moisture.	Each	flask	was	weighed	and	recorded.	The	particle	density	for	each	soil	was	determined	using	Equation	2.2.		
Equation	2.2	-	Particle	density	
	-./01234	5467108	(:/2<=)= 	 5467108	?@	ℎ4B.64	 × 	C41:ℎ0	?@	7?13	C41:ℎ0	?@	7?13	C10ℎ?D0	ℎ4B.64 − (C41:ℎ0	?@	7?13	.65	ℎ4B.64 − C41:ℎ0	?@	ℎ4B.64)	
	
2.2.5 Organic	Matter	Content	-	Weight	Loss-On-Ignition		
	The	 organic	 matter	 content	 of	 each	 soil	 was	 determined	 by	 utilising	 the	 method	presented	by	Schultz	and	Hopkins	(1996).	
	The	weights	of	three	clean	Pyrex	containers	were	recorded.	Approximately	130g	of	each	soil	was	weighed	off	and	transferred	 into	a	clean	Pyrex	container.	Each	container	was	placed	 into	 an	 oven	 at	 105°C	 and	 left	 to	 dry	 for	 24	 hours.	 Once	 the	 soil	was	 dry,	 the	weights	of	each	container	were	recorded.	The	containers	were	then	placed	back	into	the	
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oven	and	the	temperature	was	raised	to	360°C.	The	soil	was	dried	at	this	temperature	for	2	hours.	After	the	2	hours	had	elapsed,	the	containers	were	removed	and	left	to	cool.	Then,	 the	 weights	 of	 each	 container	 were	 recorded.	The	weight	 loss	 on	 ignition	 was	determined	using	Equation	2.3.	
		
Equation	2.3	-	Weight	loss-on-ignition	
	!41:ℎ0	3?77 − ?6 − 	1:6101?6	(%	FG') = 	 (HIJKLM	NM	OPQ°S)T(HIJKLM	NM	=UP°S)(HIJKLM	NM	OPQ°S) 	× 	100			
2.3 Firefighting	Foams		Two	Class	A	Foams	were	used	for	the	testing	throughout	this	project.	The	foams	were	labelled	and	referred	to	as	‘Foam	1’	and	‘Foam	2’	throughout	the	project.	
	
2.3.1 Preparation	of	Class	A	foams		A	 0.4%	 v/v	 foam	 solution	 (as	 standard	 in	 firefighting	 applications)	was	 prepared	 for	each	foam	by	combining	4mL	of	each	foam	surfactant	with	1000mL	of	deionised	water	in	 a	 Schott	 bottle.	 The	 bottles	 were	 wrapped	 with	 aluminium	 foil	 to	 protect	 the	solutions	from	UV	exposure.			
2.3.2 Application	of	Class	A	foams	to	soils	
	Approximately	 300mL	 of	 the	 0.4%	 foam	 solution	 was	 transferred	 into	 a	correspondingly	labelled	conical	flask	with	a	sidearm.	Rubber	tubing	was	connected	to	the	 sidearm	 of	 the	 flask,	 and	 parafilm	 was	 applied	 to	 the	 joint.	 The	 tubing	 of	 an	aquarium	pump	(‘2500’,	Aqua	One®,	Sydney,	Australia)	was	placed	in	the	flask	so	that	the	 air	 stone	was	 submerged	 in	 the	 foam	 solution.	 The	 pump	 end	 of	 the	 tubing	was	thread	 through	 a	 rubber	 stopper.	 The	 flask	was	 stoppered	 and	 the	 joint	was	 covered	with	 parafilm.	 Once	 completely	 sealed,	 the	 pump	 was	 switched	 on,	 using	 the	 HIGH	setting,	 resulting	 in	 foam	 being	 generated.	 The	 foam	was	 applied	 to	 the	 soils	 via	 the	
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sidearm	 tubing.	 The	 foam	 was	 applied	 approximately	 3cm	 thick,	 ensuring	 even	distribution.	 The	 foam	 generated	 using	 this	 procedure	 was	 of	 a	 shaving	 cream	consistency	similar	to	CAFS.		
2.4 Leachate	Testing		
2.4.1 Procedure	
	Teflon	tape	was	applied	to	the	thread	on	one	end	of	a	clean	leachate	column	(‘GS	950’,	Behr	 Labor-Technik	 GmbH,	 Germany),	 and	 a	 column	 lid	 with	 Teflon	 ring	 inside	 was	screwed	onto	the	end	of	the	column.	Glass	wool	was	inserted	into	the	open	end	of	the	column	 and	 pushed	 to	 the	 bottom	 using	 a	 glass	 rod.	 The	 glass	 wool	 was	 moistened	slightly	using	minimal	deionised	water.	Using	a	powder	 funnel,	an	approximately	8cm	layer	 of	 clean	 sand	 was	 added	 on	 top	 of	 the	 glass	 wool.	 The	 glass	 rod	 was	 used	 to	disperse	the	sand	evenly	if	needed.	Approximately	500g	of	soil	was	added	to	the	column	using	 a	 powder	 funnel,	 in	 200g	 increments,	 ensuring	 the	 soil	 was	 evenly	 dispersed.	Using	a	powder	funnel,	an	approximately	8cm	layer	of	clean	sand	was	added	on	top	of	the	 soil.	 Glass	 wool	 was	 added	 to	 the	 column	 and	 slightly	 moistened	 using	 minimal	deionised	water.	Teflon	tape	was	applied	to	the	thread	of	the	open	end	of	the	column,	and	a	column	lid	with	a	Teflon	ring	inside	was	screwed	onto	the	end	of	the	column.	This	created	a	‘control’	column.	Three	control	columns	were	created,	one	of	each	soil	type.		Test	 columns	 for	 testing	 foam	 leaching	 were	 prepared	 in	 the	 same	 manner	 as	 the	control	column,	except	that	once	the	soil	was	added,	an	approximately	3cm	thick	layer	of	the	respective	Class	A	foams	was	applied	to	the	column	using	the	method	outlined	in	section	2.3.2.	The	remainder	of	the	process	for	creating	a	leachate	column	was	the	same	as	for	the	control	column.	This	process	was	repeated	an	additional	two	times	using	the	same	 soil	 and	 foam	 to	 produce	 triplicate	 test	 columns	 for	 each	 soil	 and	 foam	combination.		One	control	column	and	the	three	replicate	columns	of	one	soil	and	foam	combination	were	inserted	into	the	column	unit	(‘SEB	32	R’,	Behr	Labor-Technik	GmbH,	Germany).	A	
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peristaltic	 pump	 (‘PLP	 380multi’,	 Behr	 Labor-Technik	 GmbH,	 Germany)	 was	 used	 to	pump	deionised	water	from	the	bottom	of	the	leachate	columns	to	the	top.	The	leachate	flowing	 from	 the	 top	 of	 the	 column	 was	 collected	 from	 each	 column	 in	 a	 separate,	labelled	and	 clean	2L	Schott	bottle.	 (See	Figures	2.4	 and	2.5	 for	 set-up).	The	 columns	containing	 foam	 were	 placed	 such	 that	 the	 foam	 was	 at	 the	 bottom	 of	 the	 column	(Figure	2.4).		
	Samples	 from	 each	 column	were	 taken	 at	 1	 hour,	 2	 hours	 and	 4	 hours.	 The	 samples	were	collected	in	clean,	15mL	glass	vials	that	were	labelled	accordingly.	The	vials	were	shaken	 and	 the	presence	 of	 foaming	was	 recorded.	 The	 vials	were	 stored	 in	 a	 secure	box,	protected	from	direct	sunlight,	and	prepared	for	analysis	as	per	section	2.4.3	and	2.4.5.				
	
	
Figure	2.4	-	
Column	set-up	
Figure	2.5	-	Image	of	leachate	set-up,	depicting	columns	used	for	each	run.	The	
control	and	replicates	shown	are	for	one	soil	and	foam	combination.	
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2.4.2 Leachate	column	conditions		The	pore	fraction	of	each	soil	was	determined	using	the	following	calculation	(Equation	2.4):	
	
Equation	2.4	-	Pore	fraction		-?/4	@/.201?6	(6) = 	 5/8	C41:ℎ0	?@	7?13	(:)V./01234	5467108	 ×	(2?3D<6	346:0ℎ	B	2?3D<6	/.51D7W 	× 	X)		Then,	 the	 flow	 rate	 required	 for	 each	 soil	 type	 was	 determined	 using	 the	 following	equation	(Equation	2.5):	
	
Equation	2.5	-	Flow	rate		%3?C	/.04	(Y) = 	 2?3D<6	346:0ℎ	 × 	2?3D<6	/.51D7W 	× 	X	 × 	62?60.20	01<4	 × 	60 	
	
Where:	Contact	time	=	4	hours	
	
2.4.3 Preparation	of	leachate	samples		
	5mL	 of	 leachate	 sample	was	 filtered	 into	 an	 anionic	 surfactant	 spot	 test	 cell	 (Merck,	Melbourne,	 Australia,),	 using	 a	 0.45µm	 filter.	 This	 process	 removed	 any	 soil	 particles	from	 the	 leachate.	 As	 per	 the	 manufacturer’s	 instructions,	 two	 drops	 of	 the	 T-1K	indicator	were	added	to	the	cell.	The	cell	was	shaken	vigorously	for	30	seconds.	The	cell	was	then	 left	 to	react	 for	10	minutes.	After	10	minutes,	approximately	1mL	of	sample	was	 extracted	 and	 transferred	 into	 a	 clean	 glass	 cuvette,	 ready	 for	 analysis	 on	 the	Ultraviolet–Visible	(UV-Vis)	Spectrometer	as	per	section	2.4.5	below.	This	process	was	repeated	for	each	leachate	sample.	
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2.4.4 Preparation	of	standard	foam	solutions	for	UV-VIS		A	 range	of	 standard	 foam	solutions	was	prepared	using	 foam	1	and	2	 to	calibrate	 the	UV-VIS.	Using	a	100%	solution	of	foam	1	and	2,	concentrations	of	0.2,	0.4,	0.6,	0.8	and	1%	v/v	 of	 both	 foams	were	 prepared	 by	mixing	 the	 required	 amount	 of	 foam	1	 or	 2	solution	with	 deionised	water	 in	 clean	 glass	 vials.	 The	 vials	 were	 sealed	 and	 shaken	slightly	to	ensure	homogenous	distribution.		
2.4.5 Testing	of	leachate	using	surfactant	spot-test	via	UV-VIS	
	Using	clean,	glass	cuvettes,	 the	 leachate	solutions	 from	section	2.4.3	and	 the	standard	foam	solution	prepared	in	section	2.4.4	were	analysed	on	a	Shimadzu	UV-2600	UV-VIS	Spectrophotometer	(Shimadzu	Scientific	Instruments	Pty.	Ltd.,	Tokyo,	Japan)	at	653nm.	A	 standard	 curve	 was	 produced	 from	 the	 standard	 foam	 solutions	 and	 was	 used	 to	quantify	the	amount	of	foam	in	the	leachate	samples.		
2.5 Ecotoxicity	Testing		
2.5.1 Lettuce	seedling	emergence	and	growth		The	 acute	 toxicity	 of	 the	 test	 foams	 to	 lettuce	 seedling	 emergence	 and	 growth	 were	assessed	 following	 Environment	 Canada	 and	Organisation	 for	 Economic	 Co-operation	and	Development	(OECD)	standard	methods	(Environment	Canada	2013;	OECD	2006).		
2.5.1.1 Test	Species	
	The	 lettuce	 species	 used	was	Latuca	sativa	(Country	Value,	 Sydney,	Australia)	 and	10	seeds	 were	 used	 per	 sample.	 The	 seeds	 were	 stored	 in	 their	 original	 packaging	 in	 a	ventilated	box	that	was	not	exposed	to	direct	sunlight.			
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2.5.1.2 Soil	Preparation		All	soil	types	were	homogenised	as	outlined	in	section	2.1.5.	Soil	was	transferred	into	a	clean	 plastic	 bucket.	 The	 weight	 of	 each	 bucket	 containing	 soil	 was	 recorded.	 The	volume	of	deionised	water	required	to	obtain	the	optimal	moisture	content	in	soil	(60	%)	was	calculated	using	the	following	equations	(Equations	2.6	and	2.7):	
	
Equation	2.6	-	Percentage	of	water	required	to	add	to	soil	-[ = (!"#	 × 	0.6) − 	]#	
Where:	Pw	=	Percentage	of	water	to	add	to	the	soil	(%)	WHC	=	water	holding	capacity	0.6	=	60%	moisture	MC	=	Moisture	content	(obtained	from	external	laboratory	analysis)		
Equation	2.7	-	Volume	of	water	required	for	soil	
	
[^ = 	-[ 	× 	5/8	<.77	?@	7?13100 	
Where:	Vw	=	Volume	of	water	to	add	to	soil		The	volume	of	deionised	water	added,	had	to	be	precise	to	ensure	the	soil	is	sufficiently	wet	 for	 the	 tests,	 but	 not	 oversaturated.	 Once	 Vw	was	 determined,	 this	 volume	 of	deionised	water	was	 transferred	 into	 the	 bucket.	 The	 soil/water	mixture	was	 stirred	using	a	gloved	hand.			
2.5.1.3 Sample	Preparation	
	The	 base	 of	 paper	 cups	 (354mL	 volume)	 were	 perforated	 with	 a	 pencil	 to	 create	approximately	5	drainage	holes	for	each	cup.	All	cups	were	labelled	with	soil	type	and	treatment	 combinations,	 such	 as	 Jenolan	 and	 Foam	 1	 (see	 Figure	 2.8	 for	 all	 samples	
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prepared).	27	cups	were	completely	filled	with	each	moistened	soil	type	(Jenolan,	CROA	and	Dairy	-	see	section	2.5.1.2),	giving	a	total	of	81	cups.		Of	the	27	cups	prepared	for	each	soil	type,	nine	were	used	as	control	samples,	where	no	foam	was	applied.	Using	the	method	outlined	in	section	2.3.2,	foam	1	was	applied	to	27	cups,	9	of	 each	 soil	 type,	 and	 the	 same	was	 repeated	with	 foam	2.	For	 each	 soil	 type,	three	control	cups,	three	cups	with	foam	1	and	three	cups	with	foam	2	were	labelled	‘0	days’.	The	same	number	of	cups	were	labelled	‘7	days’	and	’30	days’	(see	Figure	2.8).		Ten	Lactuca	sativa	seeds	were	placed	into	the	27	cups	across	the	three	soils	labelled	‘0	days’,	 ensuring	 the	 seeds	 were	 distributed	 evenly	 on	 the	 top	 of	 the	 soil.	 Using	 clean	tweezers,	 the	seeds	were	pushed	 into	the	soil	approximately	1-2cm	deep	and	covered	with	soil.	All	cups	were	weighed	and	the	weights	of	each	cup	were	recorded	on	the	side	of	the	cup.	This	created	the	freshly	exposed	(0	day)	samples.	Seeds	were	not	placed	into	any	samples	labelled	‘7	days’	or	’30	days’,		All	 81	 samples	 were	 placed	 in	 tote	 trays	 and	 placed	 in	 an	 enclosed	 area	 on	 the	Hawkesbury	 campus	 of	 Western	 Sydney	 University	 (See	 Figure	 2.6).	 This	 location	received	sunlight	throughout	the	day	and	was	also	exposed	to	rain.	The	conditions	were	typical	 May	 –	 June	 weather	 for	 Western	 Sydney,	 Australia.	 For	 specific	 weather	conditions	refer	to	http://www.bom.gov.au/.		Another	set	of	81	samples	was	prepared	in	the	same	manner,	and	the	new	81	samples	were	placed	under	Phillips	Lifemax	TLD36W/865	(Sydney,	Australia)	growth	lights	(see	Figure	2.7).	All	81	cups	were	randomly	redistributed	onto	trays.	All	 trays	were	placed	on	 shelving	 units	 with	 growth	 lights	 above	 each	 shelf.	 (see	 Figure	 2.7).	 The	 growth	lights	were	switched	on	and	the	timers	were	set	for	12	hours	on	–	12	hours	off.	A	digital	thermometer	(Livingstone,	Sydney,	Australia)	was	placed	with	the	trays	to	monitor	the	ambient	temperature.	The	temperature	of	the	room	ranged	between	23.7oC	and	26.2	oC.			After	7	days	from	the	initial	set-up	had	elapsed,	ten	Latuca	sativa	seeds	were	placed	into	each	 sample	 labelled	 ‘7	 days’	 at	 both	 locations.	 30	 days	 after	 the	 initial	 set-up,	 ten	
Chapter	Two	 	 Materials	and	Methods		
31	
Latuca	sativa	seeds	were	 placed	 into	 each	 sample	 labelled	 ‘30	 days’	 at	 both	 locations	using	the	method	described	above.	
A	 B	
Figure	2.6	-	Outdoor	location	for	plant	growth	and	emergence	from	two	separate	perspectives	(A)	and	(B)	
A	
	
B	
	
	
Figure	2.7	-	Experimental	setup	for	Triticum	aestivum	seedling	emergence	and	growth	test	under	growth	lights	
from	two	perspectives	(A)	and	(B)	
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Chapter	Two	 	 Materials	and	Methods		
33	
2.5.1.4 Monitoring	of	Samples	 	
	Samples	were	watered	approximately	3	times	a	week,	depending	on	rainfall.	If	rain	had	occurred	prior	 to	a	scheduled	watering	day,	 the	samples	outside	were	not	watered	 to	ensure	the	samples	were	not	oversaturated	with	water.	
	
2.5.1.5 Dismantling	of	Samples	
	14-days	after	the	seeds	were	planted,	the	samples	were	collected	and	dismantled.	Each	time	point	(freshly	exposed	(0-day)	samples,	7-day	samples,	and	30-days	samples)	were	dismantled	at	different	time	points.	The	soil	was	then	gently	extracted	from	the	cup	and	placed	into	a	clean	plastic	tray.	Each	seedling	was	removed	from	the	soil	and	placed	on	grid	 paper.	 All	 seedlings	 and/or	 ungerminated	 seeds	were	 laid	 out	 on	 the	 grid	 paper	and	 photographed.	 The	 length	 of	 each	 seedling	 was	 marked	 on	 the	 grid	 paper.	 The	number	 of	 seedlings	 and/or	 ungerminated	 seeds	 was	 recorded.	 The	 length	 of	 each	seedling	was	measured	using	a	 ruler	and	recorded	both	on	 the	paper	and	 in	an	Excel	spreadsheet,	 to	 avoid	 inaccuracies	 that	 could	 be	 caused	 by	 incorrect	 grid	 lines.	 The	weight	of	the	seedlings	and/or	seeds	was	recorded.	This	was	repeated	for	all	samples.		
2.5.2 Wheat	seedling	emergence	and	growth			The	 acute	 toxicity	 of	 the	 test	 foams	 to	 wheat	 seedling	 emergence	 and	 growth	 were	assessed	 following	 Environment	 Canada	 and	 OECD	 standard	 methods	 (Environment	Canada	2013;	OECD	2006).		
2.5.2.1 Test	Species	
	The	wheat	species	used	was	Triticum	aestivum	(Mr.	Fothergill’s,	Sydney,	Australia)	and	5	seeds	were	used	per	sample.	The	seeds	were	stored	in	a	ventilated	box	that	was	not	exposed	to	direct	sunlight.		
Chapter	Two	 	 Materials	and	Methods		
34	
2.5.2.2 Soil	Preparation		All	 soil	 types	 were	 homogenised	 as	 outlined	 in	 section	 2.1.5.	 All	 soil	 types	 were	prepared	using	the	method	outlined	in	section	2.5.1.2.		
2.5.2.3 Preparation	of	samples	exposed	to	Class	A	foams			Wheat	 seedling	 emergence	 and	 growth	 testing	 was	 performed	 under	 two	 different	conditions.	One	 set	 of	 samples	were	placed	outdoors	 and	one	 set	was	placed	 indoors	under	growth	lights.	Refer	to	Figure	2.8	for	a	schematic	of	both	the	outdoor	and	indoor	samples).		The	 outdoor	 samples	 were	 prepared	 using	 the	 method	 outlined	 in	 section	 2.5.1.3,	however,	five	Triticum	aestivum	seeds	were	used	for	each	sample.	Once	the	81	outdoor	samples	were	prepared,	all	cups	were	redistributed	in	the	tote	trays	randomly.	All	tote	trays	 were	 transported	 to	 the	 same	 enclosed	 area	 described	 in	 section	 2.5.1.3.	 The	conditions	 were	 typical	 July	 –	 August	 weather	 for	 Western	 Sydney,	 Australia.	 For	specific	weather	conditions	refer	to	http://www.bom.gov.au/.		The	 same	 method	 was	 then	 repeated	 for	 the	 samples	 to	 be	 placed	 under	 Phillips	Lifemax	 TLD36W/865	 (Sydney,	 Australia)	 growth	 lights.	 All	 81	 indoor	 cups	 were	randomly	redistributed	onto	trays.	All	trays	were	placed	on	shelving	units	with	growth	lights	 above	each	 shelf.	 (see	Figure	2.7).	The	growth	 lights	were	 switched	on	and	 the	timers	 were	 set	 for	 12	 hours	 on	 –	 12	 hours	 off.	 A	 digital	 thermometer	 (Livingstone,	Sydney,	Australia)	was	placed	with	the	trays	to	monitor	the	ambient	temperature.	The	temperature	of	the	room	ranged	between	23.7oC	and	26.2	oC.			
2.5.2.4 Reference	toxicant	samples	
	Reference	 toxicant	 samples	 were	 prepared	 to	 check	 the	 performance	 of	 the	 wheat	seedling	emergence	and	growth	test.	Copper	sulfate	was	used	as	a	known	 inhibitor	of	wheat	seedling	emergence	and	growth.	
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2.5.2.4.1 Preparation	of	test	solution	
	A	10,000mg/L	stock	solution	of	CuS04	was	prepared	by	weighing	out	39.6g	of	 copper	sulfate	into	a	1L	volumetric	flask	and	making	it	up	to	the	1L	mark	with	deionised	water.	Once	all	the	crystals	had	dissolved,	the	contents	of	the	volumetric	flask	were	transferred	to	a	glass	Schott	bottle.			
2.5.2.4.2 Preparation	of	reference	toxicant	samples	
	The	 same	 method	 outlined	 in	 2.5.1.2	 was	 followed	 for	 the	 preparation	 of	 the	 soil	samples.	 However,	 the	 soil	 was	 moistened	 using	 solutions	 of	 CuSO4	 rather	 than	deionised	water.	The	volume	of	CuSO4	solution	required	to	wet	the	soil	was	determined	using	Equation	2.7.	The	concentrations	of	CuSO4	used	to	spike	the	soil	were	0.1,	1.0,	10,	100	and	1000	mg/kg.	The	required	ratio	of	 the	CuSO4	solution	 to	deionised	water	 for	the	required	concentration	was	determined	and	the	deionised	water	and	CuSO4	mixture	was	used	to	moisten	the	soil	as	outlined	in	section	2.5.1.2.		At	each	concentration,	triplicate	samples	were	prepared.	Triplicate	control	samples	(no	CuSO4	added)	were	also	prepared	for	each	soil	type.	Therefore,	18	samples	of	each	soil	type	 were	 prepared,	 giving	 a	 total	 of	 54	 samples	 for	 reference	 toxicity	 testing	 (see	Figure	2.9	for	a	schematic	of	samples	prepared).	All	cups	were	randomly	distributed	on	trays	 and	 were	 placed	 under	 growth	 lights	 in	 the	 same	 manner	 and	 conditions	 as	outlined	in	section	2.5.2.3,	but	only	5	seeds	were	added	to	each	cup.		
2.5.2.5 Monitoring	of	samples	 	
	All	samples	(those	prepared	in	section	2.5.2.3	and	2.5.2.4)	were	watered	approximately	3	times	a	week,	ensuring	they	were	not	watered	unnecessarily,	or	too	infrequently.	This	varied	for	the	outdoor	samples	due	to	rainfall.	If	rain	had	occurred	prior	to	a	scheduled	watering	 day,	 the	 samples	 were	 not	 watered	 to	 ensure	 the	 samples	 were	 not	oversaturated	with	water.		
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2.5.2.6 	Dismantling	of	Samples	
	The	 same	method	as	outlined	 in	 section	2.5.1.5	was	 followed	 for	 the	dismantling	 and	recording	of	all	wheat	seedling	emergence	and	growth	samples.		
2.5.2.7 Statistical	Analysis	of	Data		The	 Environment	 Canada	 (2007b)	 protocol	 does	 not	 provide	 a	 concise	 statistical	analyses	 approach	 for	 seedling	 emergence	 and	 growth.	 A	Western	 Sydney	University	statistician	was	consulted	to	devise	a	suitable	statistical	analysis	method,	based	on	the	data	gained	from	the	Triticum	aestivum	seedling	emergence	and	growth.	The	 independent	 variable	 labels	 used	 throughout	 the	 statistical	 analysis	 were	 as	follows;	 ‘Treatment’,	 ‘Day’,	 ‘Soil’	and	 ‘Location’.	 ‘Treatment’	refers	to	the	application	of	
	
Figure	2.9	-	Schematic	of	reference	toxicant	samples	for	Triticum	aestivum	seedling	emergence	and	
growth	
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foams	1	and	2	(combined	data).	‘Day’	refers	to	the	three	lengths	of	exposure,	being	soil	that	had	been	freshly	exposed	(0	days)	to	the	foams,	soil	that	had	been	exposed	to	the	foams	for	7	days	and	soil	that	had	been	exposed	to	the	foams	for	30	days.	‘Soil’	refers	to	the	three	different	test	soils,	 Jenolan,	CROA	and	Dairy,	and	‘Location’	refers	to	the	two	locations	 in	which	 the	 seedling	 emergence	 and	 growth	 test	was	 performed,	 outdoors	and	indoors	under	growth	lights.		One-factor	 two-way	ANOVAs	were	performed	by	using	 emergence,	 seedling	 length	or	weight	as	the	dependent	variable	and	placing	an	independent	variable	as	a	‘fixed	factor’.	This	 was	 repeated	 for	 each	 independent	 variable,	 “treatment”,	 “day”,	 “soil”	 and	“location”,	 producing	 four	 separate	 ANOVAs	 for	 each	 dependent	 variable.	 These	ANOVAs	 were	 performed	 to	 ensure	 significance	 values	 were	 produced	 for	 each	independent	 variable	 as	 the	 absence	 of	 significance	 values	 indicates	 that	 the	 data	 set	and/or	 chosen	 analyses	 is/are	 unsuitable.	 The	 results	 obtained	 from	 these	 ANOVAs	were	 used	 for	 the	 interpretation	 of	 seedling	 emergence	 but	 were	 not	 used	 for	 the	interpretation	of	seedling	length	and	weight	growth			A	four-factor	two-way	ANOVA	was	performed	for	seedling	length	and	weight.	This	type	of	ANOVA	incorporated	all	four	independent	variables	to	determine	the	significance	of	each	independent	variable	on	growth.	As	this	type	of	ANOVA	incorporated	a	larger	set	of	 data,	 the	 results	 produced	 were	 more	 statistically	 accurate	 and	 was	 used	 for	 the	interpretation	of	seedling	length	and	weight	growth.		An	alpha-level,	which	is	the	probability	of	rejecting	the	null	hypothesis,	of	0.05	was	used	for	 all	 ANOVAs	 performed.	 Significance	 values	 ≤0.05	 are	 considered	 significant,	rejecting	 the	 null-hypothesis	 that	 there	 is	 no	 difference	 between	 the	 control	 and	 the	exposed	samples.	If	the	significance	value	obtained	is	>0.05	it	cannot	be	concluded	that	a	 significant	 difference	 between	 the	 growth	 in	 control	 samples	 and	 exposed	 samples	exists.				
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2.5.3 Earthworm	Avoidance			The	acute	 toxicity	of	 the	 test	 foams	 to	 earthworm	behaviour	were	assessed	 following	Environment	Canada	and	OECD	standard	methods	(Environment	Canada	2007a;	OECD	1984).		
2.5.3.1 Test	Species	
	
Eisenia	 fetida/Eisenia	 andrei	 were	 used	 as	 test	 species	 for	 Earthworm	 Avoidance	toxicity	testing.	During	the	duration	of	the	research,	the	worms	were	stored	in	the	box	in	which	they	were	purchased,	which	contained	bedding	and	food	to	allow	the	worms	to	survive.	The	bedding	was	moistened	periodically	with	deionised	water.		
2.5.3.2 Soil	Preparation	
	All	 soil	 types	were	homogenised	as	outlined	 in	section	2.1.5.	All	 three	soil	 types	were	prepared	as	outlined	in	section	2.5.1.2.			
2.5.3.3 Preparation	of	samples	exposed	to	Class	A	foams	
	Clean	 Pyrex	 bowls	 were	 labelled.	 Pieces	 of	 A4	 paper	 were	 folded	 in	 half	 and	 placed	down	the	centre	of	each	bowl	to	create	a	divider.	Moistened	soil	was	added	to	each	side	of	63	bowls,	21	of	each	soil	type	(see	Figure	2.10	for	a	schematic	of	samples).			The	 dividers	 in	 nine	 samples,	 three	 for	 each	 soil	 type,	 were	 removed,	 creating	 the	control	samples.	Using	the	method	outlined	in	section	2.3.2,	foam	1	was	applied	to	one-half	of	each	of	27	bowls	(nine	bowls	of	each	soil	type).	This	was	repeated	with	foam	2	for	 the	 remaining	27	 samples	 (again	nine	bowls	of	 each	 soil	 type).	The	dividers	were	removed	from	all	samples	(see	Figure	2.11).				
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			Ten	mature	worms	were	placed	into	21	samples	(one	control,	three	exposed	to	foam	1	and	 three	 exposed	 to	 foam	 2,	 for	 each	 soil	 type).	 The	 worms	were	 placed	 down	 the	center	of	the	bowls	(where	the	divider	had	been	removed).	All	63	bowls	were	covered	in	cling-film	and	numerous	perforations	were	made	using	a	pencil.			All	 sample	 bowls	 were	 transferred	 to	 a	 Controlled	 Temperature	 (CT)	 room	 at	approximately	21.7oC	and	placed	randomly	on	shelves	 (see	Figure	2.12).	The	samples	were	checked	after	24	hours	to	ensure	no	worms	had	escaped	and	that	the	samples	had	not	been	disturbed.		After	7	days	had	elapsed,	ten	mature	worms	were	placed	into	another	21	samples	that	had	not	previously	had	worms	added.	The	worms	were	added	 to	one	 control	 sample,	
Figure	2.10	-	Schematic	of	samples	prepared	for	Earthworm	avoidance	
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three	exposed	to	foam	1	and	three	exposed	to	foam	2	for	each	soil	type,	to	produce	the	‘7-day	exposure’	 samples.	This	was	 then	repeated	after	30	days	had	elapsed	 from	the	original	preparation	date,	to	create	the	’30-day	exposure’	samples.		
2.5.3.4 Preparation	of	reference	toxicant	samples		Reference	 toxicology	 samples	were	 prepared	 to	 ensure	 the	worm	 avoidance	 test	was	working	correctly.	Copper	sulfate	solutions	were	added	to	the	soil	for	this	purpose.		
2.5.3.4.1 Preparation	of	test	solution		As	outlined	in	section	2.5.2.4.1		
2.5.3.4.2 Reference	toxicant	sample	preparation		The	 same	method	 outlined	 in	 section	 2.5.3.3	was	 followed	 for	 the	 preparation	 of	 the	spiked	 samples	 however	 during	 the	 wetting	 of	 the	 soil,	 the	 method	 and	 equations	outlined	 in	section	2.5.2.4.2	was	 followed	 to	determine	 the	required	amount	of	CuSO4	solution	for	each	concentration	–	0.1mg/L,	1.0mg/L,	10mg/L,	100mg/L	and	1000mg/L.			
	
Figure	2.11	-	Example	sample	
bowl	after	foam	was	applied,	
prior	to	the	divider	being	
removed	
	
	
Figure	2.12	-	Experimental	setup	of	sample	bowls	in	CT	room	
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Duplicates	of	each	concentration	of	CuSO4	in	each	soil	were	prepared	(see	Figure	2.13	for	 a	 schematic	 of	 reference	 toxicant	 samples).	 Duplicate	 control	 samples	 (no	 CuSO4	added)	were	also	prepared	 for	each	soil	 type.	Therefore,	12	samples	of	each	soil	 type	were	prepared,	given	a	total	of	36	samples	for	reference	toxicity	testing.			The	samples	were	stored	and	monitored	in	the	same	way	as	outlined	in	section	2.5.3.3.																			
2.5.3.5 Dismantling	of	samples	
	Each	 set	 of	 samples,	 (Day	 0,	 7,	 and	 30,	 and	 reference	 toxicant	 samples)	 were	 all	dismantled	at	different	times,	depending	on	the	date	in	which	they	were	set-up.	Each	set	of	samples	were	dismantled	48	hours	after	E.fetida/E.andrei	were	added.		The	 control	 soil	 half	 was	 removed	 using	 clean	 implements	 and	 a	 gloved	 hand	 and	transferred	into	a	clean	plastic	tray.	The	soil	was	gently	broken	up	and	the	number	of	worms	 found	 was	 recorded.	 This	 was	 repeated	 with	 the	 second	 half	 of	 the	 sample,	
Figure	2.13	-	Schematic	of	samples	prepared	for	reference	toxicant	
of	the	Earthworm	Avoidance	test	
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recording	 how	 many	 worms	 were	 found	 in	 the	 soil	 exposed	 to	 the	 Class	 A	 foam	 or	CuSO4.	Once	all	worms	had	been	identified	and	removed,	the	soil	was	placed	into	solid	waste	buckets	for	disposal.	The	worms	were	transported	to	an	enclosed	garden.		
2.5.3.6 Statistical	Analysis		Paired	t-tests	were	performed	by	combining	overall	avoidance	over	the	three	exposure	length	in	all	three	soils	exposed	to	both	foam	1	and	2.	This	was	performed	to	evaluate	the	 significance	 between	 the	 avoidance	 observed	 in	 control	 soil,	 and	 avoidance	observed	in	soil	exposed	to	either	foam.	An	alpha-level	of	0.05	was	used.		
2.6 Microbiology	Testing		
2.6.1 Determining	the	effect	of	Class	A	foam	on	NSW	soil	microbial	communities		
2.6.1.1 Soil	Preparation	
	Jenolan,	 CROA	 and	 Dairy	 soil	 was	 homogenised	 as	 outlined	 in	 section	 2.1.5.	Approximately	 30g	 of	 each	 soil	 was	 placed	 into	 three,	 clean	 50mL	 containers,	 giving	nine	containers	in	total.	Three	containers,	one	containing	each	soil	type,	were	labelled	control	 and	 no	 foam	 was	 applied.	 An	 approximately	 3cm	 thick	 layer	 of	 foam	 1	 was	applied	 to	 one	 container	 of	 each	 soil	 type	using	 the	method	outlined	 in	 section	2.3.2.	Foam	2	was	applied	 in	 the	 same	manner	 to	one	container	of	each	soil	 type.	 Soil	 from	these	 samples	 was	 immediately	 taken	 to	 create	 0	 day	 plates.	 The	 sample	 containers	were	resealed	and	transferred	into	a	secure	cupboard	for	30	days.		
2.6.1.2 Sample	Preparation	and	incubation	of	0-Day	and	30-day	Plates	
	One	 gram	 of	 each	 0-day	 sample	 was	 weighed	 and	 transferred	 into	 a	 sterile	 20mL	container.	Using	a	sterilised	pipette,	19mL	of	10	mM	BisTris	buffer	(adjusted	to	pH	6.5	using	hydrochloric	acid)	was	added	to	each	container.	All	samples	were	vortexed	for	30	seconds	and	subsequently	centrifuged	at	500rpm	for	10	minutes.		
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100µL	 of	 each	 sample	 was	 pipetted	 into	 the	 wells	 of	 an	 EcoPlate	 (Biolog,	 California,	United	States	of	America),	see	Figure	2.14	for	a	schematic	of	plates	prepared.	Each	plate	had	triplicates	of	32	individual	wells	(see	Chapter	7	for	further	information).	The	lid	of	each	EcoPlate	was	placed	back	onto	the	plate.	All	of	the	EcoPlates	were	placed	in	closed,	clean	 Tupperware	 containers	 lined	with	moist	 paper	 towel	 to	 provide	 humidity.	 The	EcoPlates	 were	 then	 transferred	 to	 an	 incubator	 and	 incubated	 at	 25oC	 for	 9	 days.	Metabolic	activity	in	these	plates	was	monitored	over	this	period	as	described	in	section	2.6.1.3	
	Once	 the	 soil	 prepared	 in	 section	 2.6.1.1	 had	 been	 exposed	 for	 30	 days,	 the	 same	method	was	 followed	 to	prepare	 the	30-day	plates	 (see	Figure	2.14)	and	 these	plates	were	incubated	under	the	same	conditions,	for	8	days.	
			
Figure	2.14	-	Schematic	of	plates	prepared	for	microbiology	testing	
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2.6.1.3 Plate	reader	conditions	
	The	plates	were	removed	 from	the	 incubator	and	 the	bottom	of	 the	plates	was	wiped	down	 with	 a	 Kim	 wipe	 to	 remove	 any	 condensation.	 A	 plate	 was	 inserted	 into	 a	‘SPECTROstar	Nano’	(BMG	LabTech,	Orternberg,	Germany)	and,	the	plate’s	absorbance	was	read	at	592nm.	This	was	repeated	for	all	plates.		
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3.1 Introduction		As	 discussed	 previously	 in	 Chapter	 1,	 the	 physical,	 chemical	 and	 biological	characteristics	of	a	soil	differ	in	both	time	and	space	(Nannipieri	et	al.	2003),	therefore	each	 individual	 soil	not	only	has	 its	own	unique	properties,	but	 these	properties	may	change	over	time.		As	 the	 variation	 of	 soil	 properties	 between	 soils,	 directly	 and	 indirectly,	 influences	almost	 any	 conceivable	 use	 or	 study	 of	 a	 given	 soil	 (Campbell	 1979),	 it	 is	 crucial	 to	identify	these	soil	properties	to	evaluate	whether	these	properties	influence	any	results	obtained	in	further	testing.		The	 overall	 aim	 of	 this	 study	was	 to	 determine	 the	 effects	 of	 two	 Class	 A	 foams	 in	 a	variety	of	NSW	soils,	so	it	was	necessary	to	characterise	each	test	soil	and	evaluate	the	differences	 and/or	 similarities	 between	 the	 three	 soils.	 The	 aim	 of	 this	 chapter	 is	 to	identify	these	similarities	and	differences.		
3.2 Results	of	soil	characterisation	testing	on	the	three	test	soils		A	 variety	 of	 soil	 characterisations	 were	 performed	 on	 the	 three	 test	 soils	 to	 identify	both	the	physical	and	chemical	characteristics	of	each	soil,	to	determine	the	similarities	and	differences	between	the	selected	test	soils.	Table	 3.1	 outlines	 the	 results	 of	 all	 soil	 characterisations	 performed.	 The	characterisations	not	listed	in	Chapter	2	were	performed	by	external	NATA	accredited	laboratories.				
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Table	3.1	-	Results	of	soil	characterisation	testing	
	
	 Jenolan	 CROA	Site	 Dairy	Site	 Performed	by	
Organic	matter	
content	(%LOI)	
0.0081%	 0.0118%	 0.0041%	 Emily	Woodward	(E.W)	
Particle	size	
distribution		
56µm	 19µm	 28µm	 OEH	
pH	 5.56	 5.97	 6.57	 E.W	
Conductivity	 96.7S/m	 78.0S/m	 91.3S/m	 E.W	
Moisture	content	 7.1%	 2.3%	 3.2%	 OEH	
Water	holding	
capacity	(WHC)	 50.5%	 60.2%	 62.9%	 E.W	
Particle	density	 2.14g/cm3	 2.07g/cm3	 2.01g/cm3	 E.W	
Total	Organic	Carbon	
(TOC)	
4.84%	 3.28%	 4.84%	 Yanco	Natural	Resource	Laboratory	
Total	N	 0.44%	 0.27%	 0.44%	 Yanco	
C:N	ratio	 11	:	1	 12.15	:	1	 11	:	1	 E.W	
NH4	-	N	(oven	dry	
basis)	 12mg/kg	 7mg/kg	 10mg/kg	 Yanco	
NO3	-	N	(oven	dry	
basis)	
125mg/kg	 7mg/kg	 14mg/kg	 Yanco	
NO2	(oven	dry	basis)	 7.85mg/kg	 0.57mg/kg	 0.78mg/kg	 Yanco	
Total	phosphorus	 1500mg/kg	 380mg/kg	 660mg/kg	 OEH	
Total	potassium	 3900mg/kg	 1900mg/kg	 1300mg/kg	 OEH	
Metals	and	cations	 	See	Appendix	A	and	B	for	full	report		 OEH	Organic	scan	 OEH	
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The	 CROA	 soil	 had	 the	 highest	 Organic	 Matter	 Content	 after	 being	 homogenised,	followed	 by	 the	 Jenolan	 soil,	 with	 the	 Dairy	 soil	 having	 the	 lowest	 Organic	 Matter	Content.	Particle	size	distribution	is	defined	by	the	relative	proportion	of	three	sizes	of	particles,	these	being	 clay	which	 is	 less	 than	0.002mm	 in	 size,	 silt	which	 is	 between	0.002	 and	0.05mm	 in	 size	and	 sand	which	 consists	of	particles	between	0.05	and	2.0mm	 in	 size	(Chapin	2011).	As	 seen	 in	Table	3.1,	 the	soil	obtained	 from	the	 Jenolan	caves	had	 the	largest	particle	size	distribution,	followed	by	soil	obtained	at	the	Dairy	site,	and	finally,	the	soil	obtained	at	the	CROA	site	had	the	smallest	particle	size	distribution.	The	pH	of	all	three	soils	lay	between	5.5	and	6.6,	signifying	that	the	test	soils	are	slightly	acidic,	however	not	acidic	enough	to	cause	concern.	The	conductivity	of	the	CROA	soil	was	lower	than	that	of	the	Jenolan	and	Dairy	soils,	which	were	similar.	Soil	 collected	 from	 the	 Jenolan	 caves	 had	 the	 highest	moisture	 content,	 soil	 from	 the	Dairy	site	had	the	second	highest	moisture	content	and	soil	from	the	CROA	site	had	the	lowest	moisture	content.	This	indicates	the	CROA	soil	is	the	driest	of	the	three	soils.	Water-holding	 capacity	 (WHC)	 is	 substantially	 influenced	 by	 the	 presence	 of	 organic	matter	 and	 clay	 in	 a	 soil.	 The	water-holding	 capacity	 of	 an	 organic	 soil	may	be	 up	 to	300%.	A	 soil	 containing	more	 clay	may	have	 a	water-holding	 capacity	 closer	 to	 30%,	and	sandy	soil	may	have	a	water-holding	capacity	 less	 than	20%	(Chapin	2011).	As	a	result	of	this,	 it	can	be	suggested	that	the	CROA	and	Dairy	soil	contain	more	clay	than	soil	obtained	 from	 the	 Jenolan	caves,	 as	 their	water-holding	 capacities	are	60.2%	and	62.9%	respectively.	Particle	density	 is	 the	density	of	 the	 individual	 soil	 particles	 that	 collectively	 create	 a	soil	sample	(Blake	2008).	The	particle	density	of	the	three	soils	was	similar,	the	Jenolan	soil	having	 the	 largest	at	2.14g/cm3,	 following	by	 the	CROA	soil	 at	2.07g/cm3	and	 the	Dairy	soil	having	the	lowest	particle	density	at	2.01g/cm3.	Nitrogen,	an	essential	nutrient,	is	available	to	plants	in	ammonium	or	nitrate	form	(Tel	&	Jansen	1992).	The	total	nitrogen	available	in	the	Jenolan	and	Dairy	soil	was	the	same,	at	0.44%,	however,	there	was	less	available	nitrogen	found	in	the	CROA	soil,	at	0.27%.	The	amount	of	ammonium	(NH4),	nitrate	(NO3)	and	nitrogen	dioxide	(NO2)	in	each	soil	
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was	determined	and	the	Jenolan	soil	obtained	the	highest	amount	of	all	three.	The	CROA	soil	obtained	 the	 second	highest	amount	of	all	 three,	 and	 the	Dairy	 soil	 contained	 the	lowest	amount	of	all	compounds.	Carbon	can	be	found	in	three	forms	in	soils,	elemental	carbon,	such	as	charcoal	and	soot,	inorganic	carbon,	usually	present	as	 carbonates,	 and	organic	 carbon	derived	 from	the	decomposition	of	plants	and	animals.	The	total	organic	carbon	(TOC)	is	often	used	as	an	indicator	of	the	quality	of	a	soil	(Schumacher	2002).	The	TOC	of	the	Jenolan	and	Dairy	was	determined	to	be	the	same	at	4.84%	and	the	TOC	of	the	CROA	was	lower	at	3.84%.	The	carbon	to	nitrogen	ratio	(C:N)	present	in	the	Jenolan	and	Dairy	soil	was	the	same,	at	11:1,	however,	the	ratio	present	in	the	CROA	soil	was	slightly	higher	than	the	other	two	soils	at	12.5:1.	A	variety	of	metals	was	identified	in	the	three	soils	–	aluminium,	barium,	calcium,	iron,	magnesium,	 manganese,	 phosphorus,	 potassium,	 sodium,	 sulfur	 and	 zinc	 had	 the	highest	concentrations	of	the	metals	identified	in	the	metals	scan.		The	metal	with	 the	 highest	 concentrations	 in	 each	 soil	was	 iron.	 The	 amount	 of	 iron	found	in	the	Jenolan	soil,	63000mg/kg,	was	significantly	higher	than	the	amount	found	in	the	other	two	soils,	which	was	28000mg/kg	in	the	Dairy	soil	and	16000mg/kg	in	the	CROA	soil.	Aluminium	was	the	metal	with	the	second	highest	concentration	in	the	three	soils.	The	aluminium	found	in	the	Jenolan	soil	(24000mg/kg)	was	approximately	three	times	higher	than	that	found	in	the	Dairy	(8600mg/kg)	and	CROA	(8500mg/kg)	soils.	Calcium,	magnesium,	manganese,	phosphorus	and	potassium	were	all	 found	in	similar	concentrations	 in	 the	 soils.	 The	 Jenolan	 soil	 contained	 the	 highest	 concentration	 of	calcium,	 at	 4000mg/kg,	 followed	 by	 the	 Dairy	 soil,	 2500mg/kg,	 with	 the	 CROA	 soil	having	 the	 lowest	 concentration	 of	 calcium,	 1700mg/kg.	 The	 Jenolan	 soil	 contained	almost	 four	 times	more	magnesium	 than	 the	 CROA	 and	Dairy	 soils,	with	 3700mg/kg	being	 found	 in	 Jenolan,	970mg/kg	 found	 in	 the	CROA	soil	and	950mg/kg	 found	 in	 the	Dairy	soil.	The	amount	of	manganese	present	in	the	Jenolan	soil,	2000mg/kg,	was	less	than	double	 the	amount	 found	 in	 the	CROA	and	Dairy	 soils,	 the	values	of	which	were	similar,	1200mg/kg	and	1300mg/kg	respectively.	The	Jenolan	soil	contained	the	highest	concentration	of	phosphorus,	followed	by	the	Dairy	soil,	with	the	CROA	soil	having	the	
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lowest	 concentration.	 Again,	 the	 Jenolan	 soil	 contained	 the	 highest	 concentration	 of	potassium,	 at	 3900mg/kg,	 however	 more	 potassium	 was	 present	 in	 the	 CROA	 soil,	(1900mg/kg),	than	the	Dairy	soil,	1300mg/kg.	The	 Jenolan	 soil	 contained	 the	 highest	 concentration	 of	 sulfur	 (410mg/kg),	 again	followed	 by	 the	 Dairy	 soil	 (340mg/kg),	 with	 the	 CROA	 soil	 having	 the	 lowest	concentration	of	calcium	(240mg/kg).	The	amount	of	barium	found	in	the	Jenolan	soil	(300mg/kg)	was	approximately	double	the	amount	found	in	the	Dairy	(170mg/kg)	and	CROA	soils	(170mg/kg).	The	concentration	of	zinc	found	in	the	Jenolan	soil,	150mg/kg,	was	 approximately	 triple	 the	 amount	 found	 in	 the	 Dairy	 and	 CROA	 soil,	 which	 was	48mg/kg	 and	 41mg/kg	 respectively.	 The	 Jenolan	 soil	 therefore	 contained	 the	 highest	concentration	 of	 all	 metals	 with	 the	 exception	 of	 sodium,	 which	 was	 at	 the	 lowest	concentration	in	Jenolan	soil.	An	 organic	 scan	was	 performed	 on	 all	 three	 soils	 and	 the	 only	 notable	 presence	was	3+4-methylphenol,	 at	 0.1mg/kg.	 This	 compound	 is	 classified	 as	 a	 ‘Cresol’	 which	 are	organic	 compounds	 that	 occur	 naturally	 and	 are	 common.	 These	 compounds	 are	produced	when	 small	 organisms	 break	 down	materials	 in	 the	 environment	 (National	Centre	for	Biotechnology	Information	2018),	therefore	the	presence	of	this	compound	is	not	unexpected.		
3.3 Chapter	Conclusions		In	conclusion,	as	seen	from	the	results	of	soil	characterisation,	the	three	soils	contain	several	similarities,	such	as	the	WHC	of	the	Dairy	and	CROA	soil	or	C:N	ration	of	Jenolan	and	CROA	soil,	however	it	can	be	said	that	the	three	soils	are	notably	different	in	many	aspects.	The	 results	 of	 the	 soil	 characterisation	 were	 used	 during	 the	 interpretation	 of	ecotoxicity	and	microbiology	testing	to	determine	whether	differences	in	plant	growth	and	microbial	activity	in	the	three	soils	were	a	result	of	chemical	characteristics	of	the	soils	 or	 a	 result	 of	 exposure	 to	 Class	 A	 foams.	 Additionally,	 to	 evaluate	 whether	 the	toxicity	of	the	selected	foams	varied	in	different	soil	types.	
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4.1 Introduction		It	 is	 known	 that	 all	 foams,	 regardless	 of	 their	 classification,	 cause	 adverse	 effects	 on	aquatic	 ecosystems	 (Moody	 &	 Field	 2000).	 All	 firefighting	 foams	 have	 very	 high	biological	oxygen	demand	(BOD)	values	as	a	result	of	the	biodegradation	of	the	organic	compounds	 present	 in	 foam	 formulations.	 This	 biodegradation	 results	 in	 the	 rapid	depletion	of	dissolved	oxygen	in	water.	The	depletion	of	dissolved	oxygen	in	an	aquatic	ecosystem	 can	 have	 severe	 impacts	 on	 aquatic	 life	 through	 stress	 and	 asphyxiation	(Department	of	Environmental	and	Heritage	Protection	2016).	Studies	have	shown	that	the	 introduction	of	 firefighting	 foams	 to	 aquatic	 ecosystems	 can	 result	 in	 toxicity	 and	potential	mortality	to	a	variety	of	aquatic	species	(Buhl	&	Hamilton	2000).	Compounds	found	in	firefighting	chemicals	are	also	known	to	bioaccumulate	in	the	bodies	of	aquatic	species	if	exposed	(Moody	et	al.	2002).	Fire	suppressants	applied	to	terrestrial	ecosystems	have	the	potential	to	leach	into	the	soil	 profile,	 be	 washed	 away	 via	 storms	 and	 runoff,	 or	 to	 be	 carried	 into	 subsurface	drainage	channels	to	bodies	of	water	such	as	rivers	and	streams	(Kalabokidis	2000).	If	there	is	potential	for	surfactants,	found	in	foams,	to	enter	groundwater,	this	could	have	residual	effects	on	a	variety	of	systems	and	species	(McDonald	et	al.	1996).		The	aim	of	this	chapter	is	to	provide	a	preliminary	study	to	determine	whether	Class	A	foam	 surfactants	 bind	 to	 soil,	 or	 whether	 there	 is	 potential	 for	 the	 surfactant	 to	percolate	 through	 the	 soil.	 If	 the	 foam	 can	 percolate	 through	 the	 soil,	 there	 is	 the	potential	that	it	can	migrate	offsite	and	enter	the	groundwater.		Additionally,	 knowing	whether	 the	 surfactant	present	 in	 foam	binds	 to,	 or	 remains	 in	soil,	will	help	determine	what	type	of	clean-up,	if	any,	is	required	when	firefighting	foam	is	applied	to	soil.		
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4.2 Conditions	for	leachate	testing		Based	on	the	information	provided	in	Chapter	2,	the	flow	rates	required	for	each	soil	in	relation	 to	 leachate	 testing	 was	 determined.	 Table	 4.1	 outlines	 the	 flow	 rates	 used	during	leachate	testing	for	each	soil	type.	
Table	4.1	-	Flow	rates	required	for	each	soil	type	for	leachate	testing	
Soil	 Flow	rate	(q)	
Jenolan	 3.282	
CROA	 3.229	
Dairy	 3.230		As	seen	in	Table	4.1,	the	flow	rates	determined	for	each	soil	were	very	similar.	This	means	the	pore	fraction	of	each	soil	is	also	similar.		
4.3 Visual	observations		The	samples	collected	from	the	leachate	testing	were	shaken	and	visually	observed	for	the	 formation	 of	 frothing.	 Table	 4.2	 outlines	 the	 visual	 observations	 obtained	 after	shaking	 each	 sample.	 The	 samples	were	 compared	 to	 control	 samples	 (same	 soil	 but	without	 foam),	and	a	vial	of	clean	tap	water	to	ensure	that	the	 frothing	produced	was	related	to	foam	and	not	other	organics	present.	
Table	4.2	-	Visual	observations	of	the	presence	of	Class	A	foam	in	leachate	samples	after	shaking	
Foam	 Soil/Replicate	 Observations	at		1	hour	
Observations	at		
2	hours	
Observations	at		
4	hours	
Foam	1	
Jenolan	
Control		
Non-dense	bubbles	formed	which	dispersed	quickly	 Non-dense	bubbles	formed	which	dispersed	quickly	
Non-dense	bubbles	formed	which	dispersed	quickly	
Jenolan	1	 Moderate	foaming	 Slight	foaming	 Same	result	produced	as	control	
Jenolan	2	 Moderate	foaming	 Slight	foaming	 Slight	foaming	
Jenolan	3	 Moderate	foaming	 Slight	foaming	 Same	result	produced	as	
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control	
Foam	2	
Jenolan	
Control	
Non-dense	bubbles	formed	which	dispersed	quickly	 Non-dense	bubbles	formed	which	dispersed	quickly	
Non-dense	bubbles	formed	which	dispersed	quickly	
Jenolan	1	 Slight	foaming	 Slight	foaming	 Same	result	produced	as	control	
Jenolan	2	 Slight	foaming	 Slight	foaming	 Same	result	produced	as	control	
Jenolan	3	 Slight	foaming	 Slight	foaming	 Same	result	produced	as	control	
Foam	1	
Dairy	Control	
Non-dense	bubbles	formed	which	dispersed	quickly	 Non-dense	bubbles	formed	which	dispersed	quickly	
Non-dense	bubbles	formed	which	dispersed	quickly	
Dairy	1	 Slight	foaming	 Same	result	produced	as	control	 Slight	foaming	
Dairy	2	 Slight	foaming	 Same	result	produced	as	control	 Same	result	produced	as	control	
Dairy	3	 Slight	foaming	 Same	result	produced	as	control	 Same	result	produced	as	control	
Foam	2	
Dairy	Control	
Non-dense	bubbles	formed	which	dispersed	quickly	 Non-dense	bubbles	formed	which	dispersed	quickly	
Non-dense	bubbles	formed	which	dispersed	quickly	
Dairy	1	 Very	slight	foaming	–	unsure	if	foam	 Same	result	produced	as	control	 Same	result	produced	as	control	
Dairy	2	 Very	slight	foaming	–	unsure	if	foam	 Same	result	produced	as	control	 Same	result	produced	as	control	
Dairy	3	 Very	slight	foaming	–	unsure	if	foam	 Same	result	produced	as	control	 Same	result	produced	as	control	
Foam	1	
CROA	Control	
Non-dense	bubbles	formed	which	dispersed	quickly	 Non-dense	bubbles	formed	which	dispersed	quickly	
Non-dense	bubbles	formed	which	dispersed	quickly	
CROA	1	 Very	slight	foaming		 Same	result	produced	as	control	 Same	result	produced	as	control	
CROA	2	 Very	slight	foaming		 Same	result	produced	as	control	 Same	result	produced	as	control	
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CROA	3	 Very	slight	foaming		 Very	slight	foaming	 Same	result	produced	as	control	
Foam	2	
CROA	Control	
Non-dense	bubbles	formed	which	dispersed	quickly	 Non-dense	bubbles	formed	which	dispersed	quickly	
Non-dense	bubbles	formed	which	dispersed	quickly	
CROA	1	 Moderate	foaming	 Slight	foaming	 Slight	foaming	
CROA	2	 Moderate	foaming	 Slight	foaming	 Slight	foaming	
CROA	3	 Moderate	foaming	 Slight	foaming	 Slight	foaming		In	the	Jenolan	soil	that	had	been	exposed	to	foam	1,	foaming	was	seen	in	samples	after	one	hour	and	after	two	hours.	After	four	hours,	one	of	the	triplicate	columns	produced	foaming,	however,	the	remaining	two	did	not.	This	suggests	that	the	surfactant	in	foam	1	passes	through	Jenolan	soil	A	test	was	performed	to	provide	an	understanding	of	what	range	of	concentrations	of	foam	 produce	 visible	 foaming	 after	 being	 shaken.	 Foam	 1	 was	 diluted	 in	 deionised	water	at	a	variety	of	concentrations	and	shaken,	and	was	found	to	produce	foaming	in	concentrations	 >0.004%	 -	 indicating	 very	 small	 amounts	 of	 foam	 produce	 foaming.	Hence,	 it	 cannot	be	confirmed	 if	all	of	 the	 foam	1	or	only	a	small	 fraction	of	 the	 foam	passed	through	the	Jenolan	soil	column.	In	 the	 Jenolan	 soil	 column	 that	 had	 foam	 2	 applied,	 foaming	was	 seen	 in	 all	 samples	collected	 after	 one	 hour	 and	 after	 two	 hours.	 No	 foaming	 was	 present	 in	 samples	collected	after	four	hours,	this	suggests	that	surfactant	present	in	foam	2	surfactant	pass	through	the	soil	within	two	to	four	hours,	but	again	it	cannot	be	determined	if	this	was	all	the	foam	or	only	part	thereof.	The	 least	 amount	 of	 foaming	was	 seen	 in	 the	 Dairy	 soil	 samples.	 Slight	 foaming	was	observed	in	samples	taken	from	the	Dairy	and	foam	1	combination	after	one	hour.	No	foaming	was	observed	in	the	samples	taken	at	two	or	four	hours.	This	suggests	a	small	portion	of	the	surfactant	was	able	to	break	through	while	the	rest	remained	in	the	soil,	as	the	foaming	observed	would	be	much	greater	if	the	entire	amount	of	surfactant	had	passed	 through	 the	 column.	 In	 the	 Dairy	 soil	 and	 foam	 2	 combination,	 very	 slight	foaming	was	observed	at	one	hour,	and	was	only	observed	in	one	out	of	three	samples	
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after	two	hours.	No	foaming	was	observed	in	the	samples	taken	at	four-hours.	The	same	suggestions	made	for	foam	1	can	be	made	for	foam	2,	in	that	likely	only	a	small	fraction	of	the	foam	passed	through	the	column.	Foaming	 was	 produced	 in	 both	 the	 CROA	 and	 foam	 1	 and	 CROA	 and	 foam	 2	combinations.	 In	 the	 samples	 collected	 from	 the	 CROA	 and	 foam	1	 combination,	 very	slight	foaming	was	present	after	one	hour,	which	persisted	after	two	hours.	No	foaming	was	present	in	these	samples	after	four	hours.	This	suggests	that	surfactant	present	in	foam	1	surfactant	pass	through	the	CROA	soil	within	two	to	four	hours,	but	again,	it	is	unclear	if	that	is	all	the	foam.	In	the	CROA	and	foam	2	combination,	samples	taken	after	one	 hour	 showed	 moderate	 foaming,	 however	 the	 amount	 of	 foaming	 observed	decreased	 to	slight	 foaming	 in	samples	 taken	after	 two	hours.	Slight	 foaming	was	still	seen	 in	all	samples	taken	at	 four	hours,	suggesting	 foam	2	surfactant	was	still	passing	through	the	column	after	the	four-hour	period.		
4.4 Results	of	surfactant	spot	test	and	UV-VIS		To	 understand	 how	 the	 anionic	 surfactant	 spot	 test	 performed,	 prior	 to	 testing	 all	samples	obtained	 from	the	 leachate	set-up,	a	 few	samples	were	selected	 to	determine	the	test’s	viability.	A	control	sample,	and	samples	exposed	to	both	foams	and	of	all	soil	types	were	selected.	These	samples	were	 tested	using	 the	anionic	surfactant	spot	 test	and	were	analysed	using	UV-VIS.	
Table	4.3	-	Results	obtained	from	UV-VIS	and	anionic	surfactant	spot	test	
Sample	ID	 Absorbance	at	653nm	Jenolan	Control	 0.111	Jenolan	+	Foam	1	 0.111	Jenolan	+	Foam	2	 0.113	CROA	Control	 0.038	CROA	+	Foam	1	 0.022	CROA	+	Foam	2	 0.031	Dairy	Control	 0.111	Dairy	+	Foam	1	 0.014	Dairy	+	Foam	2	 0.114	
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As	 seen	 in	 Table	 4.3,	 no	 discernible	 difference	 between	 the	 results	 obtained	 from	control	soil	and	soil	that	had	been	exposed	to	both	Class	A	foams	can	be	observed.	This	indicates	that	this	spot	test	cannot	be	used	to	identify	the	presence	of	surfactant	in	soil	samples.	 It	 is	 likely	 that	 there	was	 interference	due	 to	 small	 particles	 (clay)	 from	 the	soils	passing	into	the	leachate	sample,	which	could	not	be	removed	during	filtering.	This	resulted	in	invalid	readings	from	the	UV-VIS.		
4.5 Chapter	Limitations	
	Given	 that	 interference	 was	 likely	 present,	 the	 results	 obtained	 from	 the	 anionic	surfactant	 spot	 test	 analysed	 via	 UV-VIS,	 were	 not	 viable.	 As	 the	 use	 of	 the	 anionic	surfactant	 did	 not	 yield	 useful	 results,	 this	 test	 was	 not	 used	 again	 throughout	 the	project.	As	 this	 test	could	not	be	used,	only	 the	visual	observations	obtained	 from	the	leachate	 testing	 can	be	 interpreted.	These	 results	 are	not	quantitative,	 and	given	 that	organic	 material	 can	 also	 generate	 foaming	 that	 could	 be	 misinterpreted	 as	 being	generated	 by	 the	 firefighting	 foams,	 the	 visual	 observations	 can	 merely	 serve	 as	 an	indicator	of	the	presence	of	surfactant	in	the	samples,	rather	than	a	confirmed	presence.			Additionally,	as	a	column	of	soil	was	tested	rather	than	a	life-like	plot,	the	results	of	this	are	merely	 an	 indication	 of	 the	 surfactant’s	 ability	 to	 potentially	 pass	 through	 soil.	 A	larger,	more	representative	set-up	would	need	 to	be	used	 to	provide	a	more	 in-depth	understanding	of	how	these	foams	behave	in	a	real	soil	system.	It	might	be	possible	that	the	foaming	observed	visually	was	only	a	small	part	of	the	total	amount	of	surfactants	applied.	This	would	suggest	that	the	foam	does	bind	to	soil	to	a	certain	extent	and	if	the	soil	column	was	a	little	longer,	no	foam	would	elute	the	soil	column.		
4.6 Chapter	Conclusions	
	In	 conclusion,	 the	 preliminary	 leachate	 results	 suggest	 that	 Class	A	 foam	was	 able	 to	leach	from	the	soils	used	in	this	study.	The	results	also	suggest	that	the	foams	behave	slightly	differently	in	each	soil.	However	further,	more	in-depth	research	would	need	to	
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be	 conducted	 to	 evaluate	whether	 the	difference	 in	 behaviour	 between	 foam	1	 and	2	and	between	soils	is	significant.	Based	on	these	preliminary	results,	 future	research	 is	recommended	to	determine	the	full	extent	of	Class	A	foam’s	ability	to	bind	and/or	pass	through	soil.	
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5.1 Introduction		The	 aim	 of	 this	 chapter	 is	 to	 evaluate	 the	 emergence	 and	 growth	 of	 two	 species	 of	terrestrial	 vegetation	 when	 exposed	 to	 the	 two	 Class	 A	 foams.	 The	 chosen	 species,	
Triticum	 aestivum	 and	 Latuca	 sativa,	 are	 both	 found	 and	 grown	 Australia-wide	(Department	 of	 Health	 and	 Ageing	 2008;	 NSW	 Agriculture	 2004),	 and	 are	 easily	accessible,	making	 them	suitable	 species	 to	determine	 the	effects	of	Class	A	 foams	on	seedling	emergence	and	growth	in	NSW	soils.		The	evaluation	of	the	effects	on	terrestrial	vegetation	growth	and	development	is	vital	to	gain	an	understanding	of	 the	ecotoxicity	of	Foams	1	and	2.	 It	 is	crucial	 to	maintain	healthy	 terrestrial	vegetation	 for	a	 sustainable	ecosystem.	 Impacts	on	 the	growth	and	sustainability	of	 terrestrial	vegetation	can	have	 lasting	effects	on	a	soil	system,	due	to	the	interdependence	of	microbial	activity,	flora	and	fauna	(Osman	2013).		Studies	conducted	on	the	ecological	effects	of	PFOA	and	PFOS	on	the	germination	and	growth	 of	 Triticum	 aestivum	 have	 indicated	 that	 exposure	 to	 these	 compounds	 at	concentrations	 above	 10mg/kg	 inhibit	 germination	 and	 seedling	 growth	 (Zhou	 et	 al.	2016;	Qu	et	al.	2010).	Due	to	the	use	of	Class	A	foams,	extensive	research	is	warranted	in	regards	to	the	effects	of	Class	A	foams	on	terrestrial	vegetation,	to	identify	what	risks	are	posed	by	the	use	of	Class	A	foams		Seedling	emergence	and	growth	was	selected	as	the	test	used	to	determine	the	effects	of	foam	 1	 and	 2	 on	 terrestrial	 vegetation,	 as	 it	 is	 a	 standard	 method	 (OECD	 2006;	Environment	Canada	2013)	and	aligns	with	the	resources	available	 for	this	project.	 In	addition,	 it	 addresses	 the	 first	 aim	 of	 this	 project:	 the	 evaluation	 of	 the	 short-term	effects	of	Class	A	foams	on	plant	emergence	and	growth	in	a	variety	of	soil	types	found	in	NSW.					
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5.2 Latuca	sativa	seedling	emergence	and	growth		
5.2.1 Latuca	sativa	emergence		
Latuca	sativa	was	grown	in	three	different	soils	that	had	been	exposed	to	two	different	Class	 A	 foams	 for	 three	 different	 lengths	 of	 time:	 0	 days,	 7	 days	 and	 30	 days.	 The	samples	 were	 placed	 in	 two	 different	 locations,	 one	 location	 being	 outdoors	 and	 the	second	location	being	indoors	under	growth	lights.	Figures	5.1	–	5.6	depict	the	average	
Latuca	sativa	emergence	of	all	seedlings	in	each	of	these	set-ups.	An	average	emergence	less	than	60%	was	observed	across	the	three	soil	types	for	each	test,	 therefore	 rendering	 the	 results	 invalid	 (Environment	 Canada	 2013).	 As	 the	emergence	of	 the	 seedlings	grown	both	 indoors	and	outdoors	are	below	 the	 required	threshold,	the	results	of	this	test	cannot	be	used	to	determine	the	effect	of	Class	A	foams	on	terrestrial	plant	emergence	and	growth.	Statistical	analysis	could	not	be	performed	on	the	data	obtained	for	the	growth	of	the	seedlings	that	did	emerge.		The	invalidity	of	the	results	obtained	from	these	tests	could	be	due	to	a	combination	of	soil	 type	used	and	 the	unknown	quality	of	 the	seeds	used.	This	 species	was	 therefore	not	further	investigated.	
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Figure	5.1	-	Average	emergence	(%)	of	L.sativa	in	
soils	freshly	exposed	(0	days)	to	Class	A	foams,	under	
growth	lights	
Figure	5.2	-	Average	emergence	(%)	of	L.sativa	in	
soils	exposed	to	Class	A	foams	for	7	days,	under	
growth	lights	
Figure	5.3	-	Average	emergence	(%)	of	L.sativa	in	
soils	exposed	to	Class	A	foams	for	30	days,	under	
growth	lights	
Figure	5.4	-	Average	emergence	(%)	of	L.sativa	in	
soils	freshly	exposed	(0	days)	to	Class	A	foams,	grown	
outdoors	
Figure	5.5	-	Average	emergence	(%)	of	L.sativa	in	
soils	exposed	to	Class	A	foams	for	7	days,	grown	
outdoors	
Figure	5.6	-	Average	emergence	(%)	of	L.sativa	in	
soils	exposed	to	Class	A	foams	for	30	days,	grown	
outdoors	
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5.3 Triticum	aestivum	seedling	emergence	and	growth			
Triticum	aestivum	was	grown	in	the	same	manner	as	discussed	in	section	5.2.1,	with	the	species	being	exposed	to	three	soil	types	and	two	types	of	Class	A	foam.	Exposure	times	to	 the	 Class	 A	 foams	 was	 0,	 7	 and	 30	 days	 for	 each	 soil.	 Three	measurements	 were	performed	 as	 part	 of	 the	Triticum	aestivum	seedling	 emergence	 and	 growth	 test:	 the	average	 emergence	 of	 seedlings	 in	 the	 samples,	 the	 seedling	 length	 and	 the	 seedling	weight.	 These	measurements	were	 used	 to	 assess	 seedling	 growth.	Triticum	aestivum	seedling	 emergence,	 length	 and	weight	were	 analysed	 using	 the	 statistical	 procedure	outlined	 in	section	2.5.2.7.	See	Appendix	C,	D,	G,	 I,	 J,	and	K	 for	all	one-factor,	 two-way	ANOVAs	performed.		
5.3.1 Triticum	aestivum	seedling	emergence		The	 average	 emergence	 of	 Triticum	 aestivum	 was	 above	 60%	 in	 all	 samples	 and	therefore	 the	results	of	 this	 testing	are	considered	valid,	as	seen	 in	Figures	5.7	–	5.12	(Environment	Canada	2013).	The	emergence	of	Triticum	aestivum	 in	samples	exposed	to	foams	1	and	2	was	consistently	similar	to,	or	higher	than,	the	emergence	seen	in	the	control	 samples	 in	 all	 soil	 types	 with	 the	 exception	 of	 seedlings	 grown	 in	 Dairy	 soil	freshly	exposed	to	foam	2	under	growth	lights.			
Chapter	Five	 	 	Terrestrial	Vegetation	
64	
020
4060
80100
120140
Control Foam	1 Foam	2A
verage
	%	Eme
rgence
Jenolan CROA Dairy
	
Figure	5.7	-	Average	emergence	(%)	of	T.aestivum	in	
soils	freshly	(0	day)	exposed	to	Class	A	foams,	under	
growth	lights	
	
Figure	5.8	-	Average	emergence	(%)	of	T.aestivum	in	
soils	exposed	to	Class	A	foams	for	7	days,	under	
growth	lights	
	
Figure	5.9	-	Average	emergence	(%)	of	T.aestivum	in	
soils	exposed	to	Class	A	foams	for	30	days,	under	
growth	lights	
Figure	5.10	-	Average	emergence	(%)	of	T.aestivum	in	
soils	freshly	exposed	(0	day)	to	Class	A	foams,	grown	
outdoors	
Figure	5.11	-	Average	emergence	(%)	of	T.aestivum	in	
soils	exposed	to	Class	A	foams	for	7	days,	grown	
outdoors	
Figure	5.12	-	Average	emergence	(%)	of	T.aestivum	in	
soils	exposed	to	Class	A	foams	for	30	days,	grown	
outdoors	
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The	 four	 preliminary	 two-way	 ANOVAs	 described	 in	 section	 2.5.2.7	 were	conducted	on	the	emergence	data.	A	four-factor	two-way	ANOVA	was	attempted	on	 this	data	however	did	not	yield	viable	 results	–	no	significance	values	were	produced.	Table	5.1	 represents	 the	 results	obtained	 from	 the	 two-way	ANOVA	conducted	on	 the	Triticum	aestivum	emergence	and	 ‘Treatment’	 variable	 to	determine	 the	effect	of	exposure	to	foams	1	and	2	(combined)	on	seedling	emergence.		The	significance	value	obtained	from	this	ANOVA	was	0.819,	and	as	the	value	is	>0.05,	 it	 can	 be	 concluded	 that	 exposure	 to	 foam	 1	 and	 2	 did	 not	 have	 a	significant	effect	on	Triticum	aestivum	seedling	emergence.	 In	other	words,	any	differences	 observed	 between	 seedling	 emergence	 in	 Figures	 5.7	 –	 5.12	 is	 not	related	to	foam	application,	but	rather	to	another	factor.	
Table	5.1	–	Two-way	ANOVA	conducted	on	Triticum	aestivum	seedling	emergence	data	
Source	
Type	III	Sum	of	
Squares	
df	 Mean	
Square	
F	 Sig.	
Corrected	Model	 52.180a	 2	 26.090	 0.200	 0.819	
Intercept	 339751.356	 1	 339751.356	 2607.451	 <0.001	
TREATMENT	 52.180	 2	 26.090	 0.200	 0.819	
Error	 6645.310	 51	 130.300	 	 	
Total	 346448.846	 54	 	 	 	
Corrected	Total	 6697.490	 53	 	 	 	a.	R	Squared	=	.008	(Adjusted	R	Squared	=	-.031)		The	results	of	the	ANOVAs	produced	for	 ‘Location’,	 ‘Day’	and	 ‘Soil’	all	produced	significance	 values	 >0.05	 (see	 Appendix	 C).	 This	 indicated	 that	 none	 of	 these	variables	affected	Triticum	aestivum	seedling	emergence	significantly.	A	Dunnett’s	post-hoc	test	could	not	be	performed	for	this	data	as	the	‘treatment’	error	term	had	zero	degrees	of	freedom,	which	does	not	allow	for	post-hoc	tests	to	be	performed.	
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5.3.2 Triticum	aestivum	seedling	length			A	log	transformation	was	applied	to	the	seedling	length	results	to	normalise	the	distribution	of	the	data,	because	multiple	seedlings	did	not	germinate,	resulting	in	 them	not	 having	 any	 growth.	 As	 seen	 in	 Figure	 5.13,	 the	 distribution	 of	 the	data	 is	 skewed	 towards	 shorter	 growth	 values.	 However,	 once	 the	 log	transformation	was	applied,	 the	data	 is	more	evenly	distributed,	as	depicted	 in	Figure	5.14.	The	Log(Growth)	of	Triticum	aestivum	seedling	 length	was	used	 to	perform	the	ANOVAs	outlined	in	this	section.								
	
Figure	5.13	-	Distribution	of	seedling	length	data		
	
Figure	5.14	-	Distribution	of	seedling	length	data	after	log	
transformation	was	applied	(LogGrowth)	
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Figure	5.15	-	Average	seedling	length	(mm)	in	each	test	soil	exposed	to	foam	1	and	2	after	three	periods	of	exposure,	at	the	two	test	locations 
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Figure	5.15	depicts	 the	differences	 in	Triticum	aestivum	 seedling	 length	 in	each	soil,	for	each	treatment,	and	length	of	exposure	and	at	each	location.	The	growth	seen	 in	 each	 soil	 type	 among	 the	 control	 samples,	 and	 the	 samples	 exposed	 to	foam	1	and	 foam	2	are	very	similar.	The	average	growth	was	slightly	higher	 in	the	soils	exposed	to	both	Class	A	foams,	with	the	exception	of	seedlings	in	Dairy	soil	 that	had	been	exposed	 to	 foam	2	 for	30	days.	The	mean	seedling	 length	of	these	samples	were	slightly	lower	than	those	produced	by	the	control.	As	 also	 observed	 in	 Figure	 5.15,	 the	 average	 seedling	 length	 in	 the	 samples	grown	 indoors	 is	 higher	 than	 the	 samples	 grown	 outdoors.	 The	 highest	mean	growth	 for	 the	 indoors	 location	was	observed	 in	 the	 Jenolan	samples,	 followed	by	the	Dairy	soils,	with	the	lowest	mean	growth	observed	in	the	CROA	samples.	For	the	samples	grown	outdoors,	the	highest	mean	growth	was	observed	in	the	Dairy	soil,	followed	by	the	Jenolan	samples,	with	the	CROA	soil	having	the	lowest	mean	 growth.	 However,	 the	 mean	 growth	 in	 all	 three	 soils	 in	 the	 outdoors	samples	are	very	similar.	The	mean	Triticum	aestivum	seedling	length	for	samples	grown	in	Jenolan	soil	at	the	indoors	location	was	slightly	higher	when	freshly	exposed	and	exposed	for	7	days	to	both	foam	1	and	2,	when	compared	to	the	controls.	However,	the	mean	seedling	 length	 in	 Jenolan	soil	 exposed	 to	 foam	1	and	2	 for	30	days	was	 lower	than	that	seen	in	the	control	Jenolan	soil.	In	the	Jenolan	samples	grown	outdoors,	the	mean	seedling	length	was	higher	in	the	soil	freshly	exposed	to	foam	1	and	2	and	soil	that	had	been	exposed	to	foam	1	and	2	for	30	days.	The	mean	seedling	length	in	Jenolan	soil	that	had	been	exposed	to	both	foams	for	7	days	was	lower	than	that	seen	in	the	control.			The	mean	seedling	length	produced	in	samples	grown	indoors,	showed	the	mean	lengths	in	control	CROA	soil	and	CROA	soil	freshly	exposed	to	foam	2	were	very	similar.	However,	the	mean	seedling	length	in	CROA	soil	freshly	exposed	to	foam	1	 was	 almost	 half	 of	 the	 mean	 length	 seen	 in	 the	 control	 soil.	 In	 CROA	 soil	exposed	to	foam	1	and	2	for	both	7	days	and	30	days,	the	mean	seedling	length	was	higher	than	that	seen	in	the	control	soil.		
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Results	obtained	from	CROA	samples	grown	outdoors	varied	slightly.	The	mean	seedling	 length	 in	 control	 CROA	 soil	was	higher	 than	 that	 in	CROA	 soil	 freshly	exposed	to	both	foam	1	and	2	and	exposed	to	both	foams	for	7	days.	However,	in	the	30	day	samples,	the	mean	seedling	length	in	the	control	soil	and	soil	exposed	to	foam	1	were	very	similar,	and	the	mean	seedling	length	in	foam	2	was	higher	than	the	control.		The	mean	seedling	length	in	Dairy	soil	exposed	to	foam	1	and	2	was	higher	than	control	Dairy	soil	at	all	three	exposure	times	in	samples	grown	indoors,	with	the	exception	of	Dairy	soil	that	had	been	exposed	to	foam	1	for	30	days,	which	was	slightly	lower	than	the	mean	seedling	length	observed	in	the	control	soil.	On	the	other	 hand,	 the	 mean	 seedling	 length	 in	 Dairy	 soil	 exposed	 to	 foam	 1	 and	 2	grown	 outdoors	 was	 higher	 than	 the	 control	 when	 freshly	 applied	 and	 when	exposed	for	30	days.	The	growth	seen	in	Dairy	soil	exposed	to	foam	1	and	2	for	7	days	showed	decreased	seedling	length	in	comparison	to	the	control.			As	seen	in	the	results	discussed	above,	no	clear	trends	are	visible.	This	suggests	that	 no	 observable	 effect	 as	 a	 result	 of	 exposure	 to	 foam	 1	 and	 2	 for	 three	different	periods	of	 time	on	Triticum	aestivum	seedling	 length	growth	can	been	seen.	This	was	investigated	further	using	statistical	analysis.		A	 four-factor,	 two-way	 ANOVA	 was	 performed	 using	 Log(Growth)	 of	 Triticum	
aestivum	seedling	length	in	the	same	manner	as	described	in	section	2.5.2.7.	The	results	are	shown	in	Table	5.2	This	analysis	was	performed	to	determine	if	 the	difference	 in	 mean	 seedling	 length	 in	 the	 control	 samples	 and	 in	 treatment	samples	(exposed	to	 foam	1	and	2)	 is	due	to	 the	 treatments,	or	due	to	another	independent	variable	(not	the	‘Treatment’).				
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Table	5.2	-	Results	of	two-way	ANOVA	performed	on	seedling	length	utlising	all	
independent	variables	
Source	
Type	III	Sum	of	
Squares	 df	
Mean	
Square	 F	 Sig.		
Corrected	
Model	
75.283a	 7	 10.755	 19.649	 <0.001	
Intercept	 3222.966	 1	 3222.966	 5888.553	 <0.001	
DAY	 4.855	 2	 2.427	 4.435	 0.013	
TREATMENT	 .141	 2	 .071	 .129	 0.879	
LOCATION	 58.620	 1	 58.620	 107.102	 <0.001	
SOIL		 11.143	 2	 5.571	 10.179	 <0.001	
Error	 83.741	 153	 .547	 	 	
Total	 3381.959	 161	 	 	 	
Corrected	
Total	
159.024	 160	 	 	 	
a.	R	Squared	=	.473	(Adjusted	R	Squared	=	.449)	The	threshold	level	of	0.05	was	once	again	used	for	this	ANOVA.	The	significance	value	obtained	for	the	‘Day’	variable	is	0.013	(Table	5.2).	As	this	value	 is	 <0.05,	 it	 can	 be	 concluded	 that	 the	 growth	 at	 each	 time	 period	 is	significantly	different.	A	Dunnett	post-hoc	test	was	performed	(see	Table	5.3	and	5.4)	 to	 determine	 the	 significance	 between	 the	 results	 obtained	 from	 the	 soil	freshly	exposed	to	foam	1	and	2,	and	the	results	obtained	from	the	soil	that	had	been	exposed	for	7	and	30	days.	A	Dunnett	t-test	treats	one	group	as	a	control,	and	compares	all	other	groups	against	it.		As	 observed	 in	 Table	 5.3	 the	 0-day	 time	 point	 was	 selected	 as	 a	 ‘control’	 to	determine	whether	 the	 difference	 in	 seedling	 length	 between	 0	 and	 7	 days	 of	exposure	was	<0.05	and	therefore	significant.	However,	the	values	produced	for	0-day	and	30-	day	exposure	was	>0.05	and	therefore	considered	not	significant.	This	 indicates	 that	 the	 difference	 in	 mean	 seedling	 length	 at	 day	 0	 and	 7	 of	exposure	was	 significantly	 different.	 This	 could	 be	 attributed	 to	 change	 in	 soil	
Chapter	Five	 	 	Terrestrial	Vegetation	
71		
composition	between	these	time	points,	however	further	research	is	required	to	determine	whether	this	is	a	result	of	change	in	soil,	or	exposure	to	foam	1	and	2.	As	 seen	 in	 Table	 5.4	 the	 30-day	 time	 point	 was	 selected	 as	 a	 ‘control’	 to	determine	whether	 the	difference	 in	 seedling	 length	between	7	and	30	days	of	exposure	 was	 significant.	 The	 values	 produced	 when	 comparing	 the	 mean	seedling	 length	 seen	 in	 soil	 exposed	 to	 the	 foams	 for	 7-days	 and	 the	 mean	seedling	length	seen	in	soil	exposed	to	the	foams	for	30-	day	exposure	was	0.005,	which	 is	<0.05.	The	 two	exposure	points	are	 therefore	 considered	 significantly	different.	 This	 could	 be	 attributed	 to	 change	 in	 soil	 composition	 as	 discussed	above.	
Table	5.3	-	Results	of	Dunnett	post-hoc	test	performed	on	exposure	length	(day)	using	0-
day	as	a	control		
(I)	
DAY	
(J)	
DAY	
Mean	
Difference	
(I-J)	
Std.	
Error	 Sig.	
95%	Confidence	Interval	
Lower	
Bound	
Upper	
Bound	7	 0	 0.3484*	 0.12477	 0.012	 0.0688	 0.6281	30	 0	 -0.0386	 0.12477	 0.933	 -0.3182	 0.2411	Based	on	observed	means.		The	error	term	is	Mean	Square(Error)	=	.416.	*.	The	mean	difference	is	significant	at	the	.05	level.	
 
Table	5.4	-	Results	of	Dunnett	post-hoc	test	performed	on	exposure	length	(day)	using	30-
day	as	a	control	
(I)	
DAY	
(J)	
DAY	
Mean	
Difference	
(I-J)	
Std.	
Error	 Sig.	
95%	Confidence	Interval	
Lower	
Bound	
Upper	
Bound	0	 30	 0.0386	 0.12477	 0.933	 -0.2412	 0.3183	7	 30	 0.3870*	 0.12419	 0.005	 0.1086	 0.6654	Based	on	observed	means.		The	error	term	is	Mean	Square(Error)	=	.416.	*.	The	mean	difference	is	significant	at	the	0.05	level.		
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The	significance	value	obtained	in	Table	5.2	for	the	‘Treatment’	was	0.879.	This	indicated	that	the	mean	seedling	length	obtained	in	the	control	samples	and	the	mean	 seedling	 length	 in	 samples	 exposed	 to	 foam	 1	 and	 2	 (combined),	 is	 not	significant	as	this	value	is	well	above	0.05.	This	indicates	that	there	is	no	effect	of	exposure	 to	 the	 selected	 Class	 A	 foams	 on	 Triticum	 aestivum	 seedling	 length	growth.	 A	 Dunnett	 post-hoc	 test	 was	 conducted	 (see	 Appendix	 E)	 on	 the	‘treatment’	 data,	 as	 was	 done	 above	 for	 ‘day’,	 to	 determine	 the	 specific	significance	values	for	each	foam.	The	mean	seedling	length	in	samples	exposed	to	 foam	 1	 and	 the	 mean	 seedling	 length	 in	 samples	 exposed	 to	 foam	 2	 were	individually	compared	to	those	seen	in	the	control	samples.	A	significance	value	of	0.797	for	foam	1	and	a	value	of	0.992	foam	2	was	produced.	This	confirms	that	neither	foam	had	a	significant	effect	on	the	seedling	length	growth.	As	seen	in	Table	5.2,	the	significance	value	for	the	‘Soil’	variable	is	<0.001.	As	this	is	below	0.05,	 the	growth	 in	each	soil	 type	 is	 significantly	different.	This	 result	was	expected	due	to	the	variation	in	the	three	test	soils	as	outlined	in	Chapter	3.		The	significance	value	obtained	for	the	‘Location’	was	<0.001,	which	suggests	the	difference	 in	 growth	 in	 the	 samples	 grown	 indoors,	 under	 growth	 lights,	 and	outdoors	is	very	significant.	The	significance	of	this	difference	can	be	clearly	seen	in	 Figure	 5.15.	 The	 difference	 in	 growth	 between	 the	 two	 locations	 can	 most	likely	 be	 attributed	 to	 the	 indoor	 setting	 being	 designed	 to	 create	 the	 ‘ideal’	setting	for	growth	to	occur.		
5.3.3 Triticum	aestivum	seedling	weight		The	same	statistical	analysis	previously	discussed	(refer	to	section	2.5.2.7)	was	applied	to	the	Triticum	aestivum	seedling	weight	data.	A	log	transformation	was	not	 performed	 on	 this	 data	 as	 it	 was	 not	 required	 (see	 Appendix	 F	 for	distribution	of	data).		
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Figure	5.16	-	Average	seedling	weight	(g)	of	T.aesituvm	in	each	test	soil	exposed	to	foam	1	and	2	at	three	time-points,	in	the	two	test	
locations 
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Figure	5.16	depicts	the	differences	in	Triticum	aestivum	seedling	weight	for	each	soil,	treatment,	day	and	location	combination.	In	general,	the	growth	observed	in	each	soil	 type	 for	 the	control	 samples,	and	 the	samples	exposed	 to	 foam	1	and	foam	2	was	similar,	with	the	average	seedling	weight	being	slightly	higher	in	the	soil	exposed	to	foam	1	and	2.			Seedling	weights	obtained	 in	 Jenolan	control	 soil,	were	equal	or	slightly	higher	than	 the	mean	 seedling	 weights	 obtained	 from	 samples	 grown	 in	 Jenolan	 soil	exposed	to	foam	1	and	2	outdoors	for	all	three	length	of	exposure.	Higher	mean	seedling	weights	were	also	seen	in	samples	grown	under	growth	lights	in	Jenolan	soil	 exposed	 to	 foam	 1	 and	 2	 for	 7	 days.	 At	 day	 0	 and	 30	 the	 mean	 seedling	weights	were	either	equal	to,	or	slightly	less	than	those	in	control	Jenolan	soil.		The	mean	 seedling	weight	 seen	 in	 samples	 grown	 in	 Dairy	 soil	 indoors,	 at	 all	three	exposure	lengths	were	all	very	similar.	The	mean	seedling	weight	obtained	from	Dairy	soil	exposed	to	foam	1	was	consistently	the	highest	across	the	three	exposure	 lengths,	 however	 only	 slightly.	 Similarly,	 the	 mean	 seedling	 weight	seen	 in	 samples	 grown	 in	 Dairy	 soil	 outdoors,	 at	 the	 three	 different	 exposure	lengths	were	 again	 very	 similar.	 However,	 the	mean	 seedling	weight	 obtained	from	 Dairy	 soil	 exposed	 to	 foam	 1	 and	 2	 at	 all	 three	 exposure	 lengths	 were	mostly	either	equal	to,	or	less	than	that	in	control	Dairy	soil.		The	mean	 seedling	weight	obtained	 from	samples	grown	 in	CROA	soil	was	 the	lowest	out	of	the	three	soil	types.	Seedling	weight	in	CROA	soil	freshly	exposed	to	both	 foams	 decreased,	 in	 samples	 grown	 in	 both	 locations.	 Seedling	weight	 in	CROA	 soil	 exposed	 to	 both	 foams	 for	 7	 and	 30	 days	 was	 either	 unaffected	 or	increased	 in	 indoor	 samples.	Mean	 seedling	weight	 in	 samples	 grown	 in	CROA	soil	exposed	to	both	foams	for	30	days	outdoors	also	increased.	Samples	grown	outdoors	 in	 CROA	 soil	 exposed	 to	 foam	 1	 for	 7	 days	 had	 a	 decreased	 mean	seedling	weight,	however	this	decrease	was	only	slight.		These	results	suggest	that	exposure	to	foam	1	or	2	did	not	have	negative	effects	on	Triticum	aestivum	 seedling	weight	 growth	 in	 the	 three	 test	 soils.	 Statistical	
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analysis	 was	 conducted	 to	 determine	 the	 significance	 of	 the	 difference	 in	seedling	weight	seen	in	samples	exposed	to	foam	1	and	2.	A	 two-way	 ANOVA	 was	 performed	 on	 the	 Triticum	 aestivum	 seedling	 weight	data.	The	seedling	weight	data	was	used	as	the	dependent	variable	and	all	 four	independent	 variables	 were	 listed	 as	 ‘fixed	 factor’	 –	 in	 the	 same	 manner	 as	outlined	in	section	2.5.2.7.			This	ANOVA	(Table	5.5)	was	performed	 to	determine	 if	 the	difference	 in	mean	seedling	 weight	 in	 the	 control	 samples	 and	 in	 treatment	 samples	 (exposed	 to	foam	 1	 and	 2)	 is	 due	 to	 the	 treatments,	 or	 a	 result	 of	 another	 independent	variable	(not	the	‘Treatment’).		
Table	5.5	-	Results	of	two-way	ANOVA	performed	on	seedling	weight	using	all	variables	
Source	
Type	III	Sum	
of	Squares	 df	
Mean	
Square	 F	 Sig.	
Corrected	Model	 0.630a	 53	 0.012	 4.446	 <0.001	
Intercept	 8.779	 1	 8.779	 3283.389	 <0.001	
LOCATION	 0.069	 1	 0.069	 25.705	 <0.001	
SOIL	 0.117	 2	 0.059	 21.937	 <0.001	
TREATMENT	 0.007	 2	 0.004	 1.386	 0.255	
DAY	 0.090	 2	 0.045	 16.819	 <0.001	
Error	 0.289	 108	 0.003	 	 	
Total	 9.698	 162	 	 	 	
Corrected	Total	 0.919	 161	 	 	 	a.	R	Squared	=	.686	(Adjusted	R	Squared	=	.532)	
 	Seedling	weight	significantly	differed	at	0,	7	and	30	days.	Two	Dunnett	post-hoc	t-tests	 (see	Appendix	H)	were	 performed	 to	 determine	whether	 the	 difference	between	the	results	obtained	from	the	soil	freshly	exposed	to	foam	1	and	2,	and	
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the	results	obtained	from	the	soil	that	had	been	exposed	for	7	and	30	days	were	significant.	This	was	performed	in	the	same	manner	as	outlined	in	section	5.3.2	for	 ‘day’	 variable	 on	T.aestivum	seedling	weight	 growth.	 All	 significance	 values	obtained	 in	 these	 Dunnett	 tests	 were	 <0.05.	 This	 indicates	 that	 the	 mean	
T.aestivum	 seedling	 weight	 produced	 by	 seeds	 planted	 in	 soil	 that	 had	 been	freshly	exposed	(0	day)	to	both	foam	1	and	2,	exposed	to	both	foams	for	7	days,	and	exposed	to	both	foams	for	30	days	was	significantly	different.		Exposure	to	foam	1	and	2	did	not	have	a	significant	effect	on	the	seedling	weight	growth	 of	 Triticum	aestivum	 (Table	 5.5,	 significance	 value	>0.05).	 A	 Dunnett’s	post-hoc	test	was	also	conducted	(see	Appendix	H)	on	the	‘treatment’	data	which	produced	a	significance	value	of	0.221	 for	 foam	1	and	a	value	of	0.970	 foam	2.	This	 indicates	 that	neither	 foam	had	a	 significant	effect	on	 the	 seedling	weight	growth.		The	 significance	 values	 obtained	 in	 the	 ‘Location’	 and	 ‘Soil’	 variables	 are	 all	<0.001.	 As	 these	 values	 are	 <0.05,	 it	 can	 be	 said	 that	 these	 variables	 had	 a	significant	 effect	 on	 the	 seedling	 weight	 growth	 of	 Triticum	 aestivum.	 As	discussed	 in	 section	 5.3.2,	 the	 differences	 in	 growth	 seen	 at	 the	 two	 different	locations,	and	three	different	soil	types	are	expected.			
5.4 Triticum	aestivum	seedling	emergence	and	growth	in	reference	
toxicant	samples		A	reference	toxicant	test	was	carried	out	using	a	known	contaminant,	CuSO4,	to	use	 as	 a	 positive	 control	 test	 on	 Triticum	 aestivum	 seedling	 emergence	 and	growth.	
	The	 same	 statistical	 analysis	 that	 was	 applied	 to	 the	 Triticum	 aestivum	emergence	 and	 growth	 data	 obtained	 from	 samples	 exposed	 to	 Class	 A	 foams	was	 applied	 to	 the	 emergence	 and	 growth	 data	 obtained	 from	 the	 reference	toxicant	samples.	Although,	as	only	one	 location	and	one	exposure	 length	were	utilised	 for	 reference	 toxicant	 testing,	 the	 final	 ANOVA	 performed	was	 a	 two-
Chapter	Five	 	 	Terrestrial	Vegetation	
77		
factor	 two-way	ANOVA,	using	 ‘Treatment’	and	 ‘Soil’.	An	alpha-level	of	0.05	was	also	applied	to	all	ANOVAs	performed	for	reference	toxicant	testing.		
	Figure	5.17	shows	the	average	emergence	of	Triticum	aestivum	in	the	three	test	soils	exposed	to	five	increasing	concentrations	of	CuSO4.	
		Figure	5.17	shows	that	the	average	emergence	of	T.aestivum	seedlings	noticeably	decreased	 as	 the	 concentration	 of	 contaminant	 (CuSO4)	 increases.	 Less	emergence	 was	 seen	 in	 seedlings	 grown	 in	 Jenolan	 soil	 exposed	 to	 every	concentration	of	CuSO4	than	 in	 control	 Jenolan	 soil.	 Seedling	emergence	 can	be	seen	to	have	been	inhibited	at	1000mg/L	in	both	CROA	and	Dairy	soil.			Appendix	 I	 shows	 the	 results	 of	 preliminary	 one-factor	 two-way	 ANOVAs	performed	using	the	Triticum	aestivum	seedling	emergence	in	reference	toxicant	samples.	 Table	 5.6	 shows	 the	 results	 obtained	 from	 the	 final	 two-way	 ANOVA	conducted	on	Triticum	aestivum	seedling	emergence	data.		
	
Figure	5.17	-	Average	emergence	(%)	of	Triticum	aestivum	in	reference	toxicant	samples	
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Table	5.6	-	Results	of	two-way	ANOVA	performed	on	T.aestivum	emergence	in	reference	
toxicant	samples	
Source	
Type	III	
Sum	of	
Squares	 df	
Mean	
Square	 F	 Sig.	
Corrected	Model	 78.318a	 17	 4.607	 11.655	 <0.001	
Intercept	 1043.553	 1	 1043.553	 2640.025	 <0.001	
TREATMENT	 37.396	 5	 7.479	 18.921	 <0.001	
SOIL	 38.219	 2	 19.110	 48.344	 <0.001	
Error	 14.230	 36	 0.395	 	 	
Total	 1136.101	 54	 	 	 	
Corrected	Total	 92.548	 53	 	 	 	a.	R	Squared	=	.846	(Adjusted	R	Squared	=	.774)	
 	As	 seen	 in	 Table	 5.6,	 the	 significance	 values	 obtained	 for	 ‘soil’	 and	 ‘treatment’	were	 both	 <0.001	 indicating	 that	 exposure	 CuSO4	 significantly	 affected	 mean	emergence	of	Triticum	aestivum,	as	did	soil	type.		A	 Dunnett	 post-hoc	 test	 was	 performed,	 (refer	 to	 Appendix	 L),	 the	 results	 of	which	indicated	that	exposure	to	CuSO4	at	1000mg/L	was	the	only	concentration	that	had	a	significant	effect	on	the	emergence	of	Triticum	aestivum.				Figure	5.18	shows	the	average	seedling	length	of	Triticum	aestivum	in	the	three	test	soils	exposed	to	five	increasing	concentrations	of	CuSO4.	As	seen	below,	the	average	seedling	 length	of	T.aestivum	seedlings	 is	noticeably	 less	at	 the	highest	concentration	of	CuSO4.	Increased	growth	can	be	seen	at	1,	10	and	100	mg/L	in	CROA	and	Dairy	soil.					
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	A	 log	 transformation	was	applied	 to	 the	Triticum	aestivum	seedling	 length	data	obtained	in	reference	toxicant	samples	to	normalise	the	distribution	of	the	data,	in	the	same	manner	as	performed	in	section	5.3.2.		Appendix	J	provides	the	results	of	the	preliminary	one-factor	two-way	ANOVAs	performed	for	reference	toxicology	Triticum	aestivum	seedling	 length.	Table	5.7	shows	 the	 results	obtained	 from	 the	 two-factor	 two-way	ANOVA	conducted	on	the	Triticum	aestivum	seedling	length	data.					
	
Figure	5.18	–	Average	seedling	length	(mm)	of	T.aestivum	in	reference	toxicant	samples	
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Table	5.7	-	Results	of	two-way	ANOVA	performed	on	T.aestivum	seedling	length	in	
reference	toxicant	samples	
Source	
Type	III	
Sum	of	
Squares	 df	
Mean	
Square	 F	 Sig.	
Corrected	Model	 78.318a	 17	 4.607	 11.655	 <0.001	
Intercept	 1043.553	 1	 1043.553	 2640.025	 <0.001	
TREATMENT	 37.396	 5	 7.479	 18.921	 <0.001	
SOIL	 38.219	 2	 19.110	 48.344	 <0.001	
Error	 14.230	 36	 .395	 	 	
Total	 1136.101	 54	 	 	 	
Corrected	Total	 92.548	 53	 	 	 	a.	R	Squared	=	.846	(Adjusted	R	Squared	=	.774)	
 	Table	5.7	shows	that	the	significance	values	obtained	for	‘treatment’	was	<0.001,	confirming	 the	 effect	 of	 exposure	 to	 CuSO4	on	 seedling	 length,	 as	 observed	 in	Figure	5.18.	The	significance	value	obtained	for	‘soil’	was	also	<0.001,	indicating	the	 difference	 in	 soil	 type	 significantly	 affected	 Triticum	 aestivum	 seedling	length.		A	 Dunnett	 post-hoc	 test	 was	 performed	 for	 the	 seedling	 length	 data,	 see	Appendix	L,	the	results	of	this	indicated	that	exposure	to	CuSO4	at	1000mg/L	was	the	only	concentration	that	had	a	significant	effect	on	Triticum	aestivum	seedling	length	growth.		Figure	5.19	depicts	the	average	seedling	weight	of	Triticum	aestivum	in	the	three	test	 soils	 exposed	 to	 five	 increasing	 concentrations	 of	 CuSO4.	 The	 average	seedling	weight	of	T.aestivum	seedlings	is	inhibited	at	the	highest	concentration	of	CuSO4.	An	increase	in	the	mean	seedling	weight	can	be	seen	at	1,	10	and	100	mg/L	 in	 Dairy	 soil	 and	 at	 10mg/L	 in	 CROA	 soil.	 Seedling	 weight	 steadily	decreased	as	the	concentration	of	CuSO4	increased	in	Jenolan	soil.			
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	Preliminary	 one-factor	 two-way	 ANOVAs	 were	 performed	 using	 the	 Triticum	
aestivum	seedling	weight	from	reference	toxicant	samples,	(refer	to	Appendix	K	for	results).	Table	5.8	shows	the	results	obtained	from	the	 four-factor	two-way	ANOVA	conducted	on	the	Triticum	aestivum	seedling	weight	data.		The	 significance	value	obtained	 for	 ‘treatment’	 from	 the	ANOVA	performed	 for	the	Triticum	aestivum	seedling	weight	obtained	from	reference	toxicant	samples	was	 <0.001,	 suggesting	 that	 exposure	 to	 the	 CuSO4	 did	 significantly	 affect	seedling	weight.	 The	 value	 obtained	 for	 ‘soil’,	 was	 also	 <0.001,	 indicating	 that	each	soil	type	affected	seedling	weight.	This	is	consistent	with	previous	results,	although	as	previously	mentioned,	this	result	was	expected.					
 
Figure	5.19	-	Average	seedling	weight	(g)	of	T.aestivum	in	reference	toxicant	samples	
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Table	5.8	-	Results	of	two-way	ANOVA	performed	on	T.aestivum	seedling	weight	in	
reference	toxicant	samples	
Source	
Type	III	Sum	
of	Squares	 df	
Mean	
Square	 F	 Sig.	
Corrected	Model	 1.125a	 17	 0.066	 7.715	 <0.001	
Intercept	 4.843	 1	 4.843	 564.546	 <0.001	
SOIL	 .477	 2	 0.239	 27.816	 <0.001	
TREATMENT	 .280	 5	 0.056	 6.535	 <0.001	
Error	 .309	 36	 0.009	 	 	
Total	 6.277	 54	 	 	 	
Corrected	Total	 1.434	 53	 	 	 	a.	R	Squared	=	.785	(Adjusted	R	Squared	=	.683)	
 	Additionally,	 a	 Dunnett	 post-hoc	 test	 was	 performed	 for	 the	 seedling	 weight	data,	 (see	 Appendix	 L),	 The	 results	 indicated	 that	 exposure	 to	 CuSO4	 at	1000mg/L	was	 the	only	 concentration	 that	had	a	 significant	 effect	 on	Triticum	
aestivum	seedling	weight	growth.	
 
As seen in all results produced for Triticum aestivum seedling emergence and growth 
in reference toxicant samples, exposure to CuSO4	 at	 1000mg/L	 significantly	inhibited	emergence	and	growth.	Additionally,	 the	emergence	and	growth	seen	in	each	test	soil	was	significantly	different,	however	this	was	expected	due	to	the	variation	in	the	test	soils	as	evaluated	in	Chapter	3. 
 
 
5.5 Chapter	Limitations		As	only	one	concentration	of	both	foam	1	and	foam	2	was	used	throughout	this	testing,	 EC50	or	lowest-observed-effect	 concentration	 value	 (LOEC)	 values	 could	not	 be	 determined.	 A	 LOEC	 is	 the	 lowest	 concentration	 of	 a	 substance	 that	produced	an	observable	effect	on	a	species	such	as	growth	or	mortality.	The	EC50	value	of	a	substance	 is	 the	median	effective	concentration	at	which	a	species	 is	
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affected	 (Environment	 Canada	 2013).	 EC50	 or	 LOEC	 values	 can	 only	 be	determined	 when	 a	 variety	 of	 concentrations	 are	 used	 to	 test	 the	 effects	 of	 a	substance.	 Further	 research	 is	 required	 to	 determine	 whether	 different	concentrations	of	 foam	1	and	2	effect	Triticum	aestivum	emergence	and	growth	differently	than	a	concentration	of	0.4%.		
5.6 Chapter	Conclusions	
	The	 results	 demonstrate	 that	 foams	 1	 and	 2	 did	 not	 cause	 inhibition	 of	 the	emergence	 of	 Triticum	 aestivum	 seedlings,	 nor	 did	 they	 inhibit	 the	 seedling	growth.	However,	the	results	suggest	that	the	emergence	and	growth	of	Triticum	
aestivum	varied	 in	 soil	 that	 had	 been	 exposed	 to	 the	 foams	 at	 three	 different	exposure	 lengths.	 The	 seedling	 length	 results	 suggest	 that	 growth	was	 slightly	inhibited	 in	 soil	 freshly	 exposed	 to	 foam	 1	 and	 2,	 however	 these	 effects	diminished	at	 the	7-	and	30-day	exposure	 lengths.	These	differences	 in	growth	are	 likely	 to	 be	 contributed	 to	 potential	 changes	 in	 soil	 composition	 over	 this	time	 period	 and	 was	 demonstrated	 to	 not	 be	 related	 to	 the	 foam	 applied,	although	future	work	is	suggested	to	determine	the	significance	of	these	findings	in	depth.	The	results	indicated	a	difference	in	emergence	and	growth	in	the	two	different	locations	and	as	a	function	of	soil	type,	which	was	expected.		The	 results	 obtained	 align	 with	 other	 studies	 conducted	 on	 Class	 A	 foams.	 A	study	 conducted	 in	 Nevada,	 USA,	 identified	 that	 various	 terrestrial	characteristics	such	as	growth,	resprouting,	and	flowering	were	not	affected	by	exposure	 to	 Class	 A	 foams	 in	 a	 variety	 of	 species	 (Larson	 et	 al.	 1999).	 An	additional	 study	 determined	 the	 effect	 of	multiple	 fire	 retardant	 chemicals	 on	soil-plant	 systems,	 and	 determined	 that	 Class	 A	 foam	has	 the	 lowest	 influence	(Couto-Vazquez	et	al.	2011).			Luna	 et	 al.	 (2007)	 found	 that	 exposure	 to	 one	 Class	 A	 foam	 at	 3	 different	concentrations,	0.02,	0.2	and	2%	showed	the	effect	of	a	progressive	decrease	in	
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seed	viability	in	plants	grown	in	a	burned	Mediterranean	area.	Germination	was	increased	 at	 intermediate	 concentrations,	 however	 decreased	 at	 higher	concentrations.	 Comparatively,	 Song	 et	 al.	 (2014)	 found	 that	 a	 Class	 A	 foam	reduced	germination	 rates	 in	 a	 variety	of	Korean	 species	 at	 any	 concentration,	and	 more	 inhibition	 occurred	 with	 longer	 exposure	 times,	 however	 length	 of	exposure	was	not	specified.	These	results	were	only	seen	in	a	laboratory	set-up	and	it	is	questionable	if	those	results	can	be	compared	to	outdoor	conditions.			As	the	testing	outlined	in	this	Chapter	was	conducted	with	one	concentration	of	both	foams	(0.4%)	and	a	short	exposure	time,	further	work	is	recommended	to	determine	 whether	 effects	 can	 be	 seen	 as	 a	 result	 of	 exposure	 to	 higher	concentrations	for	longer	periods	of	exposure	as	presented	by	Luna	et	a.	(2007)	and	Song	et	al.	(2004).	
	As	 none	 of	 the	 previously	 mentioned	 studies	 were	 conducted	 in	 Australian	conditions,	 specifically	 in	 New	 South	Wales	 soils,	 this	 testing	 was	 required	 to	determine	the	effect	of	Class	A	 foams	on	selected	terrestrial	vegetation	 in	NSW	soils	 due	 to	 the	 spatial	 variability	 of	 soils	 as	 discussed	 in	 Chapters	 1	 and	 3.
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6.1 Introduction	
	As	 discussed	 in	 Chapter	 1,	 through	 the	 monitoring	 of	 ecosystem	 engineers,	 such	 as	earthworms,	 general	 soil	 health	 can	 be	 determined	 (Lavelle	 at	 al.	 2006).	 It	 is	 well	acknowledged	that	earthworms	play	a	vital	role	in	the	macrofauna	biomass	of	a	soil,	and	are	very	 important	 in	soil	 formation,	 through	their	consumption	and	fragmentation	of	organic	matter	 (Blakemore	&	Paoletti	2006).	Earthworms	can	accumulate	a	variety	of	both	organic	and	inorganic	compounds,	and	this	bioaccumulation	ability	makes	them	an	essential	 bio-monitoring	 organism	 (Hirano	&	 Tamae	 2011).	Monitoring	 these	 species	behaviour	 in	 soil	 exposed	 to	 substances,	 such	as	Class	A	 foams,	 can	 indicate	potential	toxicity	to	terrestrial	invertebrates	(Loureiro	et	al.	2005).		Earthworms	are	widely	used	as	test	organisms	to	determine	the	toxicity	of	a	variety	of	chemicals	 and	 products.	 Eisenia	 fetida/Eisenia	 andrei,	 the	 selected	 species	 for	 this	research,	are	found	worldwide,	and	are	commonly	found	in	Australian	soils	(Blakemore	&	Paoletti	2006).	Eisenia	fetida	and	Eisenia	andrei	are	difficult	 to	distinguish	based	on	morphological	features,	and	are	commonly	misidentified	and	mislabelled	therefore	are	referred	 to	 as	 a	 combination	 of	 the	 two	 species	 (Environment	 Canada	 2007a).	 These	species	 are	 generally	 constrained	 to	 the	 upper	 layers	 of	 soil	 and	 are	 believed	 to	 be	tolerant	of	a	wide	range	of	soil	pH	values	which	makes	them	a	suitable	species	for	the	testing	of	a	variety	of	soils	(Environment	Canada	2007a).		
Eisenia	 fetida/Eisenia	andrei	 exposed	 to	 PFOA	 and	 PFOS	 exhibited	 acute	 toxicity;	 the	toxicity	of	PFOS	was	greater	than	the	toxicity	of	PFOA	(Yuan	et	al.	2017).	This	indicated	the	 negative	 effects	 of	 exposure	 of	 PFOA	 and	 PFOS	 on	 soil	 invertebrates	 and	 their	environment.	 Similar	 findings	 were	 presented	 by	 Joung	 et	 al.	 (2010),	 further	highlighting	 the	 toxicity	of	PFOA	and	PFOS	to	Eisenia	fetida/Eisenia	andrei.	The	aim	of	this	 chapter	 is	 to	 evaluate	 the	 short-term	 effects	 of	 two	 Class	 A	 foams	 on	 Eisenia	
fetida/Eisenia	andrei	in	a	variety	of	NSW	soil	types.			
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6.2 Eisenia	fetida/Eisenia	andrei	Avoidance	in	soils	exposed	to	Class	A	foams		
Eisenia	fetida/Eisenia	andrei	were	placed	 into	a	 container	of	which	one	half	was	 filled	with	control	soil	and	the	other	half	with	soil	that	had	been	exposed	to	either	foam	1	or	2.	The	soil	was	exposed	to	the	foams	for	three	different	periods	of	time:	freshly	exposed,	7	days	of	exposure	and	30	days	of	exposure..	Due	to	Eisenia	fetida/Eisenia	andrei’s	high	sensitivity	 to	 environmental	 pollutants,	 avoidance	 of	 foam	 1	 or	 2	 would	 indicate	whether	 these	 substances	 pose	 potential	 harm	 to	 terrestrial	 invertebrates	(Environment	 Canada	 2007a).	 After	 a	 period	 of	 48-hours,	 the	 number	 of	 Eisenia	
fetida/Eisenia	 andrei	 in	 the	 control	 soil	 and	 in	 the	 exposed	 soil	 was	 counted	 to	determine	 the	 amount	 of	 avoidance	 that	 had	 occurred.	 Figures	 6.1	 –	 6.3	 depict	 the	number	of	Eisenia	fetida/Eisenia	andrei	found	in	each	control	soil	and	in	the	three	test	soils	when	exposed	to	foam	1	and	2	for	different	lengths	of	time.	
	
Figure	6.1	-	E.fetida/E.andrei	avoidance	in	test	soils	freshly	exposed	(0	days)	to	foam	1	and	2(J	=	
Jenolan,	D	=	Dairy,	C	=	CROA,	F1	=	Foam	1	and	F2	=	Foam	2)			
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Figure	6.2	–	E.fetida/E.andrei	avoidance	in	test	soils	exposed	to	foam	1	and	2	for	7	days(J	=	
Jenolan,	D	=	Dairy,	C	=	CROA,	F1	=	Foam	1	and	F2	=	Foam	2)	
	
	
Figure	6.3	-	E.fetida/E.andrei	avoidance	in	test	soils	exposed	to	foam	1	and	2	for	30	day	(J	=	
Jenolan,	D	=	Dairy,	C	=	CROA,	F1	=	Foam	1	and	F2	=	Foam	2)	
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Table	6.1	depicts	 the	average	percent	of	 avoidance	 to	 foams	1	and	2	 in	 the	 three	 soil	types	at	the	three	different	exposure	 lengths.	Negative	values	 indicate	an	attraction	to	the	soil	exposed	to	foam	1	or	2.	
Table	6.1	-	E.fetida/E.andrei	avoidance	in	NSW	soils	exposed	to	foam	1	and	2	
Length	of	
Exposure	 Soil	 Foam	
Mean	avoidance	
(%)	±	S.E	
Freshly	exposed	
(0	days)	
Jenolan	
Foam	1	 -4.4	±	2.08	Foam	2	 60	±	0.58	
CROA	
Foam	1	 34.8	±	1.45	Foam	2	 -35.6	±	2.52	
Dairy	
Foam	1	 -1.1	±	0.33		Foam	2	 -38.8	±	2.33	
	Exposed	for	7	
days	
Jenolan	
Foam	1	 -11.1	±	0.67	Foam	2	 67.1	±	0.33	
CROA	
Foam	1	 80	±	0.58	Foam	2	 40	±	2	
Dairy	
Foam	1	 -26.7	±	0.67	Foam	2	 -21.8	±	2.19	
Exposed	for	30	
days	
Jenolan	
Foam	1	 -13.3	±	1.20	Foam	2	 -20	±	1	
CROA	
Foam	1	 6.7	±	0.88		Foam	2	 -33.3	±	2.85		
Dairy	
Foam	1	 20	±	1.15		Foam	2	 -20	±	0.58		A	paired	t-test	was	performed	on	the	data	outlined	in	Table	6.1	to	determine	the	statistical	significance.	The	results	are	shown	in	Table	6.2.		
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Table	6.2	-	Paired	t-test	performed	on	E.fetida/andrei	avoidance	in	three	NSW	soils	exposed	to	
foam	1	and	2	for	three	lengths	of	exposure		
	
Paired	Differences	
t	 df	
Sig.	(2-
tailed)	Mean	 Std.	Deviation	 Std.	Error	Mean	
95%	Confidence	Interval	of	the	Difference	Lower	 Upper	Pair	1	 SIDE1	-	SIDE2	 .84127	 5.64888	 0.71169	 -0.5813	 2.26392	 1.182	 62	 0.242		No	mortality	was	observed	 in	any	soil-foam	combination	at	any	of	 the	three	exposure	lengths.	 A	 larger	 number	 of	 E.fetida/E.andrei	were	 observed	 in	 Jenolan	 soil	 that	 had	been	 freshly	exposed	 to	 foam	1	 (Figure	6.1	and	Table	6.1),	however	a	higher	number	were	observed	in	the	control	soil	than	the	Jenolan	soil	that	had	been	freshly	exposed	to	foam	 2.	 More	 E.fetida/E.andrei	were	 observed	 in	 control	 CROA	 soil	 than	 CROA	 soil	freshly	exposed	 to	 foam	1,	however	a	higher	number	of	worms	were	observed	 in	 the	CROA	soil	that	had	been	freshly	exposed	to	foam	2	than	control	CROA	soil.	The	amount	of	E.fetida/E.andrei	found	in	control	Dairy	soil	and	Dairy	soil	freshly	exposed	to	foam	1	were	equal,	showing	no	avoidance,	although	considerably	more	E.fetida/E.andrei	were	seen	in	the	Dairy	soil	freshly	exposed	to	foam	2	than	the	control	side.	In	 the	samples	 that	had	been	exposed	to	 foam	1	and	2	 for	7	days,	 (refer	 to	Figure	6.2	and	 Table	 6.1),	 once	 again,	more	E.fetida/E.andrei	were	 observed	 in	 Jenolan	 soil	 that	had	been	exposed	to	 foam	1,	however	a	higher	number	were	found	in	the	control	soil	than	 the	 Jenolan	 soil	 that	 had	 been	 exposed	 to	 foam	 2.	 In	 the	 CROA	 soil,	 more	
E.fetida/E.andrei	were	observed	in	the	control	side	in	both	the	samples	exposed	to	foam	1	and	2.	 In	 the	Dairy	soil,	a	 larger	amount	of	E.fetida/E.andrei	were	observed	 in	Dairy	soil	exposed	to	foam	1	and	foam	2	than	the	control	soil,	illustrating	no	avoidance.	The	number	of	E.fetida/E.andrei	observed	in	Jenolan	soil	exposed	to	foam	1	for	30	days,	was	higher	 than	 the	number	present	 in	 the	control	side	(Figure	6.3	and	Table	6.1).	 In	both	 the	CROA	and	Dairy	samples	exposed	 to	 foam	1	 for	30	days,	a	higher	number	of	
E.fetida/E.andrei	 were	 observed	 in	 the	 control	 side.	 In	 all	 three	 soil	 types,	 more	
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E.fetida/E.andrei	were	observed	in	the	soil	that	had	been	exposed	to	foam	2,	identifying	no	avoidance	from	soil	exposed	to	foam	2	for	30	days.	The	only	consistent	avoidance	can	be	observed	 in	CROA	soil	exposed	to	 foam	1	at	 the	three	exposure	lengths.	Higher	numbers	of	E.fetida/E.andrei	were	found	in	Jenolan	soil	exposed	to	foam	1	and	Dairy	soil	exposed	to	foam	2	over	the	three	exposure	lengths.		
 As	seen	in	Table	6.2,	the	significance	value	produced	from	a	paired	t-test	is	0.242,	which	is	>0.05,	therefore	indicating	that	the	number	of	worms	present	in	the	control	soil	and	in	soil	exposed	to	either	foam	1	or	2	is	not	significantly	different.	Consistent	 avoidance	 was	 observed	 in	 CROA	 soil	 exposed	 to	 foam	 1	 for	 the	 three	different	 lengths	 of	 exposure,	 however,	 no	 consistent	 avoidance	was	 observed	 in	 the	Jenolan	or	Dairy	soil	that	had	been	exposed	to	foam	1.	This	suggests	the	combination	of	foam	 1	 and	 CROA	 soil	 did	 effect	E.fetida/E.andrei	behaviour,	 however	 this	 was	 not	 a	result	 of	 foam	 1	 alone.	 Further	 evaluation	 of	 the	 effect	 of	 various	 soil-foam	combinations	on	E.fetida/E.andrei	behaviour	is	required.		Avoidance	was	observed	in	Jenolan	soil	freshly	exposed	to	foam	2	and	exposed	to	foam	2	for	7	days,	although	no	avoidance	in	Jenolan	soil	exposed	to	foam	2	for	30	days	was	observed.	These	results	suggest	that	there	was	a	short-term	effect	of	exposure	to	foam	2	in	Jenolan	soil	on	the	behaviour	of	E.fetida/E.andrei,	however	as	previously	mentioned,	this	is	likely	to	be	due	to	the	soil-foam	combination	rather	than	foam	2	itself.	This	may	be	 due	 to	 compounds	 present	 in	 the	 foams	 behaving	 differently	 to	 the	 unique	composition	of	each	soil	outlined	in	Chapter	3.			
6.3 Reference	Toxicant	Earthworm	Avoidance		A	reference	toxicant	test	was	carried	out	using	a	known	contaminant,	CuSO4,	to	use	as	a	positive	control.	Five	concentrations	were	used	throughout	this	test,	0.1mg/kg,	1mg/kg,	10mg/kg,	100mg/kg	and	1000mg/kg,	 to	portray	variation	of	avoidance.	As	CuSO4	 is	a	known	contaminant,	high	levels	of	avoidance	are	expected	at	higher	concentrations.			
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Figures	 6.4	 –	 6.6	 depict	E.fetida/E.andrei	avoidance	 observed	 in	 each	 of	 the	 test	 soils	when	exposed	to	a	range	of	CuSO4	concentrations.	
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Figure	6.4	-	E.fetida/E.andrei	avoidance	in	Jenolan	soil	exposed	to	varying	concentration	
of	CuSO4	
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Figure	6.5	-	E.fetida/E.andrei	avoidance	in	CROA	soil	exposed	to	varying	concentration	of	CuSO4	
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Table	6.3	depicts	the	average	percent	of	avoidance	to	a	range	of	CuSO4	concentrations,	in	the	three	soil	types	at	the	three	different	exposure	lengths.	Negative	values	indicate	an	attraction	to	the	soil	exposed	to	CuSO4.	
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Figure	6.6	-	E.fetida/E.andrei	avoidance	in	Dairy	soil	exposed	to	varying	concentration	of	
CuSO4	
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Table	6.3	-	E.fetida/E.andrei	avoidance	in	NSW	soils	exposed	to	Copper	Sulfate	
Soil	
Concentration	of	CuSO4	
(mg/kg)	 Mean	avoidance	(%)	±	S.E	
Jenolan	
	
0.1	 10	±	0.5	1	 10	±	1.5	10	 30	±	0.5	100	 80	±	1	1000	 90.9	±	0	
CROA	
0.1	 10	±	0.5	1	 -70	±	1.5	10	 -40	±	1	100	 60	±	1	1000	 100	±	0	
Dairy	
	
0.1	 20	±	0	1	 -10	±	1.5	10	 -50	±	0.5	100	 50	±	0.5	1000	 100	±	0	*Negative	values	indicate	an	attraction	to	the	soil	exposed	to	CuSO4.		Figure	6.4	and	Table	6.3	show	that	a	higher	number	of	E.fetida/E.andrei	were	observed	in	the	control	Jenolan	soil	than	all	concentrations	of	CuSO4.	Figure	6.5,	6.6	and	Table	6.3	on	 the	 other	 hand	 show	 that,	 a	 higher	 number	 of	E.fetida/E.andrei	were	 observed	 in	CROA	and	Dairy	 soil	 spiked	with	1mg/kg	and	10mg/kg	CuSO4.	However,	 in	CROA	and	Dairy	soil	spiked	with	0.1	and	100mg/kg	of	CuSO4,	more	E.fetida/E.andrei	were	found	in	the	control	soil.	100%	avoidance	was	seen	in	both	CROA	and	Dairy	soil	at	1000mg/kg,	showing	clear	avoidance.	
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Table	6.4	-	Paired	t-test	performed	on	E.fetida/andrei	avoidance	in	three	NSW	soils	exposed	to	
reference	toxicant	
	
Paired	Differences	
t	 df	
Sig.	(2-
tailed)	Mean	
Std.	
Deviation	
Std.	
Error	
Mean	
95%	Confidence	
Interval	of	the	
Difference	
Lower	 Upper	Pair	1	 SIDE1	-	SIDE2	 1.94444	 5.43504	 0.90584	 0.10549	 3.78340	 2.147	 35	 0.039	
 As	seen	in	Table	6.4,	the	significance	value	produced	from	a	paired	t-test	is	0.039,	which	is	<0.05,	therefore	indicating	that	the	number	of	worms	present	in	the	control	soil	and	in	soil	exposed	to	various	concentrations	of	CuSO4,	is	significantly	different.		
6.4 Chapter	Limitations	
	A	limitation	of	the	testing	presented	in	this	chapter	is	the	fact	that	only	one	species	of	terrestrial	 invertebrate	was	 tested.	This	 is	due	 to	 limitations	 in	resources,	budget	and	time.	 A	 recommendation	 for	 future	 expansion	 of	 this	 research	 would	 be	 to	 conduct	testing	on	a	variety	of	terrestrial	 invertebrates	to	determine	the	effects	of	exposure	to	foam	1	and	2	on	a	larger	range	of	species.		A	 second	 limitation	 of	 this	 chapter	 was	 that	 for	 the	 reference	 toxicant	 testing,	 only	duplicates,	as	opposed	to	triplicates,	were	prepared	due	to	a	shortage	in	clean	test	soil.		
	Additionally,	only	one	concentration	of	both	 foam	1	and	 foam	2	was	used	 throughout	this	testing,	therefore	EC50	or	LOEC	values	could	not	be	determined.	Further	research	is	required	to	determine	whether	different	concentrations	of	foam	1	and	2	yield	different	
E.fetida/E.andrei	avoidance	results	than	a	concentration	of	0.4%.			
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6.5 Chapter	Conclusions		The	results	obtained	from	E.fetida/E.andrei	avoidance	in	soil	exposed	to	Class	A	foams	does	not	mimic	those	obtained	in	soil	exposed	to	a	known	contaminant.	Almost	100%	avoidance	 was	 observed	 in	 soil	 exposed	 to	 the	 highest	 concentration	 of	 a	 known	toxicant,	CuSO4,	indicating	that	exposure	to	toxic	compounds	produces	clear	avoidance.	With	 the	 exception	 of	 the	 CROA-foam	 1	 and	 Jenolan-foam	 2	 soil-foam	 combinations,	clear	 avoidance	 was	 not	 observed	 like	 that	 seen	 in	 the	 reference	 toxicant	
E.fetida/E.andrei	avoidance.	This	may	be	the	result	of	compounds	present	in	each	foam	behaving	 differently	 to	 the	 unique	 composition	 of	 each	 soil	 type.	 Further	 research	evaluating	 the	 specific	 interactions	 between	 each	 soil	 type	 and	 each	 foam	 is	recommended	 to	 determine	 the	 correlation	 of	 these	 factors.	 Whether	 each	 length	 of	exposure	caused	the	same	avoidance	cannot	be	concluded,	further	testing	is	required	to	evaluate	this	fully,	factoring	in	the	interaction	of	different	soil	and	foam	combinations.		The	results	of	this	chapter	support	the	findings	of	Koehler	et	al.	(2005),	who	found	no	detectable	 impacts	 of	 Class	 A	 foams	 on	 a	 variety	 of	 soil	 invertebrates,	 however	
E.fetida/E.andrei,	 nor	 any	 other	 species	 of	 earthworm,	 were	 used	 throughout	 their	study.		Future	ecotoxicity	testing	to	determine	the	effect	of	exposure	to	foam	1	and	2	on	factors	such	 as	 invertebrate	 growth	 and	 reproduction	 would	 need	 to	 be	 conducted	 to	determine	the	long-term	effects	of	exposure	to	these	foams.		
	
Chapter	Seven	 	 Microbial	Activity		
97		
	
	
	
	
	
	
	
	
	
	
	
	
CHAPTER	7 	
	
MICROBIAL	ACTIVITY	
	
	
	
	
	
	
	
	
	
	
	
	
	
Chapter	Seven	 	 Microbial	Activity		
98		
7.1 Introduction		The	 aim	 of	 this	 chapter	 is	 to	 evaluate	 the	 effect	 of	 Class	 A	 foams	 on	 soil	 microbial	activity	to	ensure	exposure	to	these	substances	does	not	pose	potential	toxicity	to	these	communities.	Biolog®	EcoPlates	enable	microbial	community	analysis	in	environmental	samples,	such	as	soil,	 reflecting	the	state	of	microbial	activity	(Gryta	et	al.	2014).	As	a	result	of	this,	these	plates	were	ideal	to	test	the	aim	of	this	chapter.			A	variety	of	nutrients	are	present	 in	 the	wells	of	 the	Biolog®	EcoPlates,	 each	nutrient	encourages	the	growth	of	different	microbes.	However,	as	the	aim	of	this	chapter	is	to	evaluate	 a	 general	 overview	 of	 the	 effects	 of	 foam	 1	 and	 2	 on	 soil	microbial	 activity,	specific	microbes	will	not	be	identified.	Throughout	the	discussion	of	results,	each	well	will	be	referred	to	as	its	number/alphabetic	position,	such	as	A4	or	E3.	On	a	full	Biolog®	Ecoplate	 each	 well	 is	 present	 in	 triplicate.	 During	 the	 processing	 of	 results	 for	 this	chapter,	 the	 average	 absorption,	 which	 indicated	 microbial	 activity,	 was	 determined	across	the	three	replicates.			As	discussed	in	Chapter	1,	maintaining	the	health	of	each	individual	soil	constituent	is	important.	This	 is	especially	 the	case	 for	soil	microbial	activity,	as	good	soil	microbial	health	is	important	to	ensure	plant	growth,	decay	and	decomposition	are	all	performed	effectively	 (Osman	2013).	 A	 study	 conducted	 by	Montagnolli	 et	 al.	 (2017),	 evaluating	the	 effects	 of	 Class	 B	 firefighting	 foams	 on	 soil	 microbiota	 activity	 indicated	 that	exposure	to	these	foams	resulted	in	an	inhibition	of	microbial	metabolism	in	soil.		By	identifying	the	effects	caused	by	Class	A	foams	on	soil	microbial	activity,	it	can	be	determined	whether	Class	A	foams	pose	potential	harm	to	soil	systems.						
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7.2 Results	of	EcoPlates	and	freshly	exposed	soil	(0	days)		Soil	 samples	were	 prepared	 and	Biolog®	EcoPlates	were	 inoculated	 using	 soil	 freshly	exposed	to	foam	1	and	2	and	observed	over	a	9-day	period,	as	described	in	section	2.6.	Selected	graphs	are	presented	in	this	Chapter	to	provide	an	overview	of	the	differences	in	microbial	activity	 in	control	soil	and	soil	 freshly	exposed	 to	 foam	1	and	 foam	2.	All	graphs	are	presented	in	Appendix	N.	Error	bars	were	not	included	in	the	graphs	as	the	presence	of	error	bars	cluttered	the	results,	impacting	the	graphs	legibility.	(See	Appendix	M	for	an	example	of	graphs	with	error	bars	included).	However,	the	error	of	these	measurements	are	outlined	in	Tables	7.1	 –	 7.3.	 The	 average	 absorbance	 in	 each	well	 at	 day	 9	 of	 incubation	 of	 soil	 freshly	exposed	to	foam	1	and	foam	2	were	normalised	to	the	average	absorbance	in	each	well	at	 day	 9	 of	 incubation	 of	 control	 soil.	 This	 was	 done	 to	 produce	 a	 simplified	representation	 of	 the	 differences	 in	 activity	 in	 control	 soil	 and	 soil	 exposed	 to	 both	foams.	Figures	 7.1	 –	 7.3	 depict	 the	 activity	 seen	 in	 wells	 A2	 –	 H2	 over	 9	 days	 in	 plates	performed	 on	 Jenolan	 control	 soil,	 and	 Jenolan	 soil	 freshly	 exposed	 to	 foam	 1	 and	 2.	Table	7.1	presents	 the	difference	 in	average	growth	 in	all	wells	 in	 Jenolan	soil	 freshly	exposed	to	 foam	1	and	2	at	day	9	of	 incubation,	 in	comparison	to	 that	seen	 in	control	Jenolan	 soil.	 This	 comparison	was	 performed	 to	 evaluate	whether	 exposure	 to	 either	foam	resulted	in	inhibition	of	microbial	activity	in	Jenolan	soil.	The	same	is	presented	for	CROA	soil	in	Figures	7.4	–	7.6	and	Table	7.2.	Similarly,	Figures	7.7	 –	 7.9	 and	 Table	 7.3,	 depict	 the	 differences	 in	 activity	 in	 Dairy	 soil	 that	 had	 been	freshly	exposed	to	foam	1	and	2	and	Dairy	soil	that	had	not.	
Chapter	Seven	 	 Microbial	Activity		
100		
	
Figure	7.1	-	Microbial	activity	in	wells	A2	-	H2	in	Jenolan	control	soil	over	9	days	of	incubation	
	
Figure	7.2	-	Microbial	activity	in	wells	A2	-	H2	in	Jenolan	soil	freshly	exposed	to	foam	1,	over	9	days	
of	incubation	
	
Figure	7.3	-	Microbial	activity	in	wells	A2	-	H2	in	Jenolan	soil	freshly	exposed	to	foam	2,	over	9	days	
of	incubation	
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Table	7.1	-	Results	normalised	to	the	control	in	Jenolan	soil	freshly	exposed	to	foam	1	and	2	
			
Day	 Soil	 Well	 Control	(%)	 Foam	1	(%)	 Foam	2	(%)	
0	 JENOLAN	
A1	 100	 116.82	 136.12	B1	 100	 137.54	 116.41	C1	 100	 135.55	 92.29	D1	 100	 100.76	 81.02	E1	 100	 72.30	 81.41	F1	 100	 96.85	 96.20	G1	 100	 113.35	 99.08	H1	 100	 112.06	 82.86	A2	 100	 145.45	 156.51	B2	 100	 200.64	 109.17	C2	 100	 85.10	 62.07	D2	 100	 113.43	 120.07	E2	 100	 118.06	 136.70	F2	 100	 104.04	 92.58	G2	 100	 134.21	 40.09	H2	 100	 141.92	 80.25	A3	 100	 87.02	 81.37	B3	 100	 94.66	 80.17	C3	 100	 80.10	 67.46	D3	 100	 107.85	 62.86	E3	 100	 67.47	 66.40	F3	 100	 106.94	 87.44	G3	 100	 56.27	 90.58	H3	 100	 90.09	 74.75	A4	 100	 102.66	 103.05	B4	 100	 108.73	 95.60	C4	 100	 98.21	 99.85	D4	 100	 131.40	 63.76	E4	 100	 133.63	 116.97	F4	 100	 141.05	 76.54	G4	 100	 108.25	 83.26	H4	 100	 88.42	 94.29	
AVERAGE	 110.34	 91.47387	
STANDARD	ERROR	 4.96	 4.319095	
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Figure	7.4	-	Microbial	activity	in	wells	A2	-	H2	in	CROA	control	soil	over	9	days	of	incubation	
	
Figure	7.5	-	Microbial	activity	in	wells	A2	-	H2	in	CROA	soil	freshly	exposed	to	foam	1,	over	9	days	of	
incubation	
	
Figure	7.6	-	Microbial	activity	in	wells	A2	-	H2	in	CROA	soil	freshly	exposed	to	foam	2,	over	9	days	of	
incubation	
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Table	7.2	-	Results	normalised	to	the	control	in	CROA	soil	freshly	exposed	to	foam	1	and	2	
Day	 Soil	 Well	 Control	(%)	 Foam	1	(%)	 Foam	2	(%)	
0	 CROA	
A1	 100	 108.33	 217.21	B1	 100	 66.61	 82.10	C1	 100	 86.71	 108.97	D1	 100	 73.96	 101.04	E1	 100	 140.56	 200.64	F1	 100	 70.97	 137.78	G1	 100	 75.01	 68.69	H1	 100	 93.27	 93.76	A2	 100	 94.01	 120.40	B2	 100	 122.09	 140.30	C2	 100	 152.69	 156.46	D2	 100	 89.17	 101.39	E2	 100	 89.37	 117.98	F2	 100	 109.17	 103.47	G2	 100	 70.73	 153.79	H2	 100	 59.59	 63.42	A3	 100	 93.33	 94.89	B3	 100	 105.54	 125.39	C3	 100	 94.55	 173.15	D3	 100	 99.39	 107.41	E3	 100	 103.97	 193.43	F3	 100	 131.42	 123.20	G3	 100	 86.68	 107.19	H3	 100	 48.25	 88.44	A4	 100	 88.93	 123.50	B4	 100	 85.99	 106.81	C4	 100	 96.39	 100.09	D4	 100	 78.96	 100.77	E4	 100	 87.94	 52.97	F4	 100	 91.89	 115.47	G4	 100	 133.98	 132.33	H4	 100	 53.58	 110.66	
AVERAGE	 93.22	 119.47	
STANDARD	ERROR	 4.27	 6.67	
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Figure	7.7	-	Microbial	activity	in	wells	A2	-	H2	in	Dairy	control	soil	over	9	days	of	incubation	
	
Figure	7.8	-	Microbial	activity	in	wells	A2	-	H2	in	Dairy	soil	freshly	exposed	to	foam	1,	over	9	days	of	
incubation	
	
Figure	7.9	–	Microbial	activity	in	wells	A2	-	H2	in	Dairy	soil	freshly	exposed	to	foam	2,	over	9	days	
of	incubation	
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Table	7.3	-	Results	normalised	to	the	control	in	Dairy	soil	freshly	exposed	to	foam	1	and	2	
Day	 Soil	 Well	 Control	(%)	 Foam	1	(%)	 Foam	2	(%)	
0	 DAIRY	
A1	 100	 167.35	 137.81	B1	 100	 99.00	 96.10	C1	 100	 121.94	 124.98	D1	 100	 115.99	 77.62	E1	 100	 137.20	 130.47	F1	 100	 146.21	 134.01	G1	 100	 99.59	 78.65	H1	 100	 98.47	 108.77	A2	 100	 117.89	 95.58	B2	 100	 141.11	 141.43	C2	 100	 101.37	 77.25	D2	 100	 96.45	 100.81	E2	 100	 102.47	 96.82	F2	 100	 124.57	 114.84	G2	 100	 108.63	 94.58	H2	 100	 102.72	 142.07	A3	 100	 74.79	 88.03	B3	 100	 99.63	 87.81	C3	 100	 274.11	 131.52	D3	 100	 75.15	 119.07	E3	 100	 93.04	 97.61	F3	 100	 293.63	 141.09	G3	 100	 88.72	 123.68	H3	 100	 70.53	 51.22	A4	 100	 120.02	 118.64	B4	 100	 114.75	 90.57	C4	 100	 102.22	 90.11	D4	 100	 103.91	 87.53	E4	 100	 109.79	 96.88	F4	 100	 114.63	 133.07	G4	 100	 177.16	 124.65	H4	 100	 133.77	 124.09	
AVERAGE	 122.71	 108.04	
STANDARD	ERROR	 8.59	 4.10					
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As	seen	in	Figures	7.1	–	7.3,	and	the	figures	presented	in	Appendix	N,	the	overall	activity	pattern	 across	 the	 9	 days	 of	 incubation	 in	 Jenolan	 soil	 not	 exposed	 to	 either	 foam,	freshly	exposed	to	foam	1	and	freshly	exposed	to	foam	2	are	very	similar.	It	can	be	that	microbial	activity	occurred	sooner	in	soil	freshly	exposed	to	foam	1	(at	day	3)	than	that	seen	in	the	control	soil	and	soil	freshly	exposed	to	foam	2.	As	 depicted	 in	 these	 figures,	 activity	 levels	 increase	 then	 decrease	 for	 various	 plates;	this	 is	 unusual	 and	 is	 likely	 due	 to	 condensation	 present	 on	 the	 EcoPlates	 on	 certain	days,	which	interfered	with	the	readings	obtained.	As	seen	in	Table	7.1,	inhibited	growth	was	observed	in	selected	wells.	In	soil	exposed	to	foam	1,	wells	E1,	C2,	A3,	B3,	C3,	E3,	G3,	H3	and	H4	had	less	activity	than	that	seen	in	the	control	 Jenolan	 soil.	 However,	 all	 values	were	 above	 50%,	 suggesting	 that	 significant	inhibition	 was	 not	 caused	 (Rodriguez-Tudela	 et	 al.	 2003).	 In	 Jenolan	 soil	 exposed	 to	foam	2,	inhibition	was	seen	in	a	higher	number	of	wells,	including	C1,	D1,	E1,	H1,	C2,	F2,	G2,	 H2,	 A3,	 B3,	 C3,	 D3,	 E3,	 G3,	 H3,	 D4,	 F4,	 G4	 and	 H4,	 however	 as	 with	 the	 wells	mentioned	for	foam	1,	all	of	these	values	were	above	50%.	These	results	indicate	that	no	significant	inhibition	of	microbial	activity	was	seen	in	Jenolan	soil	that	had	been	freshly	exposed	to	foam	1	and	2.		The	overall	activity	pattern	across	the	9	days	of	incubation	in	CROA	soil	not	exposed	to	either	foam,	and	CROA	soil	that	had	been	freshly	exposed	to	foam	1	and	2	are	also	very	similar	 as	 seen	 in	 Figures	 7.4	 –	 7.6	 and	 the	 figures	 presented	 in	 Appendix	 N.	Additionally,	 microbial	 activity	 occurred	 approximately	 a	 day	 sooner	 in	 CROA	 soil	freshly	exposed	to	foam	1	and	2	than	that	seen	in	the	control	soil.	As	 seen	 in	 Table	 7.2,	 inhibited	 activity	 was	 observed	 in	 selected	 wells.	 In	 CROA	 soil	freshly	exposed	to	foam	1,	wells	B1,	C1,	D1,	F1,	G1,	H1,	A2,	D2,	E2,	G2,	H2,	A3,	C3,	D3,	G3,	H3,	A4,	B4,	C4,	D4,	E4,	F4,	and	H4	had	less	activity	than	that	seen	in	the	control	CROA	soil.	However,	all	values	are	above	50%,	which	again	suggests	that	significant	inhibition	was	not	caused.	In	CROA	soil	exposed	to	foam	2,	inhibition	was	seen	in	a	lower	number	of	wells,	including	B1,	G1,	H1,	H2,	A3,	H3,	and	E4,	however	as	with	the	wells	mentioned	for	foam	1,	all	of	these	values	were	above	50%.	
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These	results	 indicate	no	significant	 inhibition	of	microbial	activity	was	seen	 in	CROA	soil	that	had	been	freshly	exposed	to	foam	1	and	2.	As	seen	in	Figures	7.7	–	7.9,	and	the	figures	presented	in	Appendix	N,	the	overall	activity	pattern	across	 the	9	days	 in	Dairy	soil	not	exposed	 to	either	 foam,	 freshly	exposed	 to	foam	 1	 and	 freshly	 exposed	 to	 foam	 2	 are	 very	 similar.	 Microbial	 activity	 occurred	sooner	in	Dairy	soil	freshly	exposed	to	foam	1	than	that	seen	in	the	control	soil	and	soil	freshly	exposed	to	foam	2.	Inhibited	activity	was	seen	in	selected	wells,	as	seen	in	Table	7.3.	In	Dairy	soil	exposed	to	foam	1,	wells	A3,	G3,	and	H3	had	less	activity	than	that	seen	in	the	control	Dairy	soil,	however,	because	all	values	are	above	50%,	no	significant	 inhibition	was	observed.	 In	Dairy	soil	exposed	to	foam	2,	inhibition	was	seen	in	a	higher	number	of	wells,	including	D1,	G1,	A2,	C2,	G2,	A3,	B3,	H3,	B4,	C4,	and	D4,	however	as	with	the	wells	mentioned	for	foam	 1,	 all	 of	 these	 values	 were	 above	 50%.	 These	 results	 indicate	 no	 significant	inhibition	of	microbial	activity	was	observed	in	Dairy	soil	that	had	been	freshly	exposed	to	foam	1	and	2.	Consistent	inhibition	in	wells	A3	and	H3	were	seen	in	all	three	soils	freshly	exposed	to	foam	 1.	 Consistent	 inhibition	was	 also	 seen	 in	wells	 G1,	 A3	 and	 H3	 in	 all	 three	 soils	freshly	exposed	to	foam	2	–	therefore	consistent	inhibition	was	seen	in	wells	A3	and	H3,	in	all	soil	and	foam	combinations.		
7.3 Results	of	EcoPlates	and	soil	exposed	for	30	days		Soil	samples	were	prepared	and	Biolog®	EcoPlates	were	inoculated	using	soil	that	had	been	 exposed	 to	 foam	 1	 and	 2	 for	 30	 days	 and	 observed	 over	 an	 8-day	 incubation	period,	as	described	in	section	2.6.	As	mentioned	in	section	7.2,	error	bars	were	not	included	in	the	graphs	as	the	presence	of	error	bars	cluttered	the	results,	impacting	the	graphs	legibility.	Selected	graphs	were	presented	in	this	Chapter	to	provide	an	overview	of	the	differences	in	microbial	activity	in	control	soil	and	soil	exposed	to	foam	1	and	foam	2	for	30	days	for	all	soil	types.	All	graphs	are	provided	in	Appendix	O.	
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Fungal	 mycelia	 growth	 was	 seen	 in	 multiple	 plates,	 including	 those	 prepared	 using	Dairy	and	CROA	control	soil,	and	Dairy	and	Jenolan	soil	exposed	to	both	foam	1	and	2.	At	least	 one	 plate	 of	 each	 soil	 type	 was	 affected,	 limiting	 the	 ability	 to	 compare	 the	differences	 in	microbial	activity	 seen	 in	 the	control	 soil	 and	soil	 that	been	exposed	 to	foam	 1	 and	 2	 for	 30	 days.	 As	 these	 spores	 are	 highly	 mobile,	 this	 growth	 will	progressively	move	from	well	to	well,	resulting	in	false	absorption	readings.	Therefore,	the	activity	was	only	monitored	over	8	days	for	these	plates	as	the	fungal	growth	would	continue	to	spread,	further	affecting	results.		Figures	7.10	–	7.12	depict	the	activity	seen	in	wells	A2	–	H2	over	8	days	of	incubation	in	plates	performed	on	Jenolan	control	soil,	and	Jenolan	soil	that	had	been	exposed	to	foam	1	and	2	for	30	days.	Table	7.4	presents	the	difference	in	average	growth	in	all	wells	in	Jenolan	soil	that	had	been	exposed	to	foam	1	and	2	for	30	days	at	day	8	of	incubation,	in	comparison	 to	 that	 seen	 in	 control	 Jenolan	 soil.	 This	 comparison	 was	 performed	 to	evaluate	whether	exposure	to	either	foam	resulted	in	inhibition	of	microbial	activity.	The	same	is	shown	for	plates	inoculated	with	CROA	soil	exposed	to	foam	1	and	2	for	30	days	in	Figures	7.13	–	7.15	and	Table	7.5,	and	for	Dairy	soil	in	Figures	7.16	–	7.18	and	Table	7.6.	The	 soils	 exposed	 to	 foam	1	 and	 2	 for	 30	 days	were	 stored	 in	 closed	 containers	 in	 a	cupboard	 over	 the	 length	 of	 exposure.	As	 a	 result	 of	 this,	 base	microbial	 activity	was	much	 lower	 in	plates	 inoculated	with	soil	exposed	to	 foam	1	and	2	 for	30	days	rather	than	the	plates	inoculated	with	soil	freshly	exposed.	This	was	believed	to	be	due	to	the	storage	conditions,	which	did	not	provide	light	or	a	food	source,	resulting	in	the	control	plates	providing	low	activity	levels.		
Chapter	Seven	 	 Microbial	Activity		
109		
	
Figure	7.10	-	Microbial	activity	in	wells	A2	-	H2	in	Jenolan	control	soil	over	8	days	of	incubation	
	
Figure	7.11	-Microbial	activity	in	wells	A2	-	H2	in	Jenolan	soil	exposed	to	foam	1	for	30	days	over	8	
days	of	incubation	
	
Figure	7.12	-	Microbial	activity	in	wells	A2	-	H2	in	Jenolan	soil	exposed	to	foam	2	for	30	days	over	8	
days	of	incubation	
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Table	7.4	-	Results	normalised	to	the	control	in	Jenolan	soil	exposed	to	foam	1	and	2	for	30	days	
Day	 Soil	 Well	 Control	(%)	 Foam	1	(%)	 Foam	2	(%)	
30	 JENOLAN	
A1	 100	 201.81	 125.05	B1	 100	 351.08	 365.22	C1	 100	 413.16	 390.09	D1	 100	 384.41	 441.43	E1	 100	 191.81	 129.94	F1	 100	 344.90	 332.06	G1	 100	 252.57	 343.23	H1	 100	 376.59	 504.88	A2	 100	 343.08	 377.10	B2	 100	 312.34	 377.61	C2	 100	 468.58	 514.63	D2	 100	 1045.99	 778.08	E2	 100	 479.19	 434.39	F2	 100	 180.02	 211.16	G2	 100	 156.23	 87.85	H2	 100	 211.15	 92.86	A3	 100	 405.24	 351.67	B3	 100	 406.18	 415.59	C3	 100	 373.37	 251.18	D3	 100	 519.26	 417.95	E3	 100	 80.85	 83.85	F3	 100	 190.44	 123.33	G3	 100	 211.10	 219.40	H3	 100	 350.37	 416.95	A4	 100	 357.38	 358.58	B4	 100	 1452.79	 1261.76	C4	 100	 556.72	 511.59	D4	 100	 262.40	 256.37	E4	 100	 307.76	 255.06	F4	 100	 555.98	 553.78	G4	 100	 403.57	 572.69	H4	 100	 239.04	 230.27	
AVERAGE	 387.04	 368.30	
STANDARD	ERROR	 46.00	 40.65		
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Figure	7.13	-	Microbial	activity	in	wells	A2	-	H2	in	CROA	control	soil	over	8	days	of	incubation	
	
Figure	7.14	-	Microbial	activity	in	wells	A2	-	H2	in	CROA	soil	exposed	to	foam	1	for	30	days	over	8	
days	of	incubation	
	
Figure	7.15	-	Microbial	activity	in	wells	A2	-	H2	in	CROA	soil	exposed	to	foam	2	for	30	days	over	8	
days	of	incubation	
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Table	7.5	-	Results	normalised	to	the	control	in	CROA	soil	exposed	to	foam	1	and	2	for	30	days	
Day	 Soil	 Well	 Control	(%)	 Foam	1	(%)		 Foam	2	(%)	
30	 CROA	
A1	 100	 79.12	 98.46	B1	 100	 209.04	 209.04	C1	 100	 432.79	 480.54	D1	 100	 517.52	 562.94	E1	 100	 92.37	 80.16	F1	 100	 116.46	 68.07	G1	 100	 86.98	 177.14	H1	 100	 185.02	 219.35	A2	 100	 80.13	 111.19	B2	 100	 58.05	 88.17	C2	 100	 99.34	 73.01	D2	 100	 198.55	 238.03	E2	 100	 70.88	 87.07	F2	 100	 254.61	 241.73	G2	 100	 99.89	 109.97	H2	 100	 144.48	 105.47	A3	 100	 187.69	 177.19	B3	 100	 59.58	 106.01	C3	 100	 106.28	 103.96	D3	 100	 100.20	 130.50	E3	 100	 120.34	 108.24	F3	 100	 95.82	 67.36	G3	 100	 257.11	 184.47	H3	 100	 160.43	 155.24	A4	 100	 203.17	 203.17	B4	 100	 133.60	 140.75	C4	 100	 207.80	 207.80	D4	 100	 123.09	 161.64	E4	 100	 159.38	 161.26	F4	 100	 99.76	 161.70	G4	 100	 152.00	 91.10	H4	 100	 136.32	 84.75	
AVERAGE	 157.12	 162.36	
STANDARD	ERROR	 17.65	 19.12				
Chapter	Seven	 	 Microbial	Activity		
113		
	
Figure	7.16	-	Microbial	activity	in	wells	A2	-	H2	in	Dairy	control	soil	for	30	days	over	8	days	of	
incubation	
	
Figure	7.17	-	Microbial	activity	in	wells	A2	-	H2	in	Dairy	soil	exposed	to	foam	1	for	30	days	over	8	
days	of	incubation	
	
Figure	7.18	-	Microbial	activity	in	wells	A2	-	H2	in	Jenolan	soil	exposed	to	foam	2	for	30	days	over	8	
days	of	incubation		
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Table	7.6	-	Results	normalised	to	the	control	in	Dairy	soil	exposed	to	foam	1	and	2	for	30	days	
Day	 Soil	 Well	 Control	(%)	 Foam	1	(%)	 Foam	2	(%)	
30	 DAIRY	
A1	 100	 153.24	 252.32	B1	 100	 172.89	 268.34	C1	 100	 62.36	 122.24	D1	 100	 129.33	 42.48	E1	 100	 164.66	 240.30	F1	 100	 119.26	 199.58	G1	 100	 146.91	 81.97	H1	 100	 174.02	 517.87	A2	 100	 157.70	 172.76	B2	 100	 137.22	 106.37	C2	 100	 150.90	 183.14	D2	 100	 465.57	 600.82	E2	 100	 89.82	 55.07	F2	 100	 148.77	 519.68	G2	 100	 333.45	 177.37	H2	 100	 189.49	 299.87	A3	 100	 54.74	 302.09	B3	 100	 172.70	 247.90	C3	 100	 79.15	 235.63	D3	 100	 111.33	 305.87	E3	 100	 73.61	 105.44	F3	 100	 186.57	 254.36	G3	 100	 138.94	 387.27	H3	 100	 109.73	 176.99	A4	 100	 135.54	 420.77	B4	 100	 215.66	 233.59	C4	 100	 172.42	 379.12	D4	 100	 241.82	 233.90	E4	 100	 212.78	 515.92	F4	 100	 382.84	 253.09	G4	 100	 194.67	 553.61	H4	 100	 122.18	 154.51	
AVERAGE	 168.76	 268.76	
STANDARD	ERROR	 15.46	 26.44					
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Tables	7.4	–	7.6	demonstrate	that	higher	average	microbial	activity	was	observed	in	the	three	 soils	 exposed	 to	 foam	 1	 and	 2	 for	 30	 days	 compared	 to	 the	 control	 soils.	 As	discussed,	 this	 is	 due	 to	 low	microbial	 activity	 seen	 in	 the	 control	 plates	 performed	using	each	soil	that	had	not	been	exposed	to	either	foam.	As	seen	in	Figures	7.10	–	7.12,	and	the	figures	presented	in	Appendix	O,	very	minimal	activity	 was	 observed	 in	 control	 Jenolan	 soil,	 particularly	 over	 the	 first	 few	 days.	Comparatively,	 activity	 was	 observed	 to	 increase	 at	 day	 3	 in	 Jenolan	 soil	 exposed	 to	foam	 1	 for	 30	 days,	 and	 at	 day	 2	 in	 Jenolan	 soil	 exposed	 to	 foam	 2	 for	 30	 days.	 The	activity	 in	 each	 well	 in	 the	 Jenolan	 soil	 exposed	 to	 foam	 1	 and	 2	 were	 very	 similar.	Inhibition	was	observed	in	well	E3	for	Jenolan	soil	exposed	to	foam	1	for	30	days	and	in	wells	G2,	H2,	and	E3	for	Jenolan	soil	exposed	to	foam	2	for	30	days	(refer	to	Table	7.4).	However,	significant	inhibition	in	Jenolan	soil	exposed	to	both	foam	1	and	2	for	30	days	was	not	observed.	The	overall	activity	pattern	observed	CROA	soil	not	exposed	to	either	foam,	and	CROA	soil	 that	 had	 been	 exposed	 to	 foams	 1	 and	 2	 for	 30	 days	 are	 very	 similar	 as	 seen	 in	Figures	 7.13	 –	 7.15	 and	 the	 figures	 presented	 in	 Appendix	 O.	 Additionally,	microbial	activity	occurred	approximately	a	day	sooner	in	CROA	soil	exposed	to	foam	1	and	2	for	30	days	than	that	seen	in	the	control	soil.	Table	7.5	demonstrates	that	some	inhibition	of	activity	was	observed	in	selected	wells	for	CROA	soil.	Inhibition	was	seen	in	wells	A1,	E1,	G1,	A2,	B2,	E2,	G2,	B3,	F3,	and	F4	for	CROA	 soil	 exposed	 to	 foam	1	 for	 30	 days,	 although	 none	 of	 these	 values	were	 below	50%	 of	 normal	 activity.	 In	 CROA	 soil	 that	 had	 been	 exposed	 to	 foam	 2	 for	 30	 days,	inhibition	was	seen	in	a	lower	number	of	wells,	including	A1,	E1,	F1,	B2,	C2,	E2,	F3,	G4,	and	H4,	however	as	with	the	wells	mentioned	for	foam	1,	all	of	these	values	were	above	50%	of	normal	activity.	These	results	indicate	that	there	was	no	significant	inhibition	of	microbial	activity	in	CROA	soil	that	had	been	exposed	to	foam	1	and	2	for	30	days.	As	seen	in	Figures	7.16	–	7.18	and	Figures	presented	in	Appendix	O,	microbial	activity	was	 observed	 earlier	 in	Dairy	 soil	 exposed	 to	 foam	1	 and	 2	 for	 30	 days	 than	 control	Dairy	soil.	Activity	increased	at	approximately	day	4	for	control	Dairy	soil.	For	Dairy	soil	exposed	to	foam	1	and	2	for	30	days	activity	increased	between	day	2	and	3.	The	activity	observed	in	Dairy	soil	exposed	to	foam	1	and	2	was	on	average	much	higher	than	that	
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seen	in	Dairy	control	soil	(refer	to	Table	7.6).	As	previously	discussed,	the	low	microbial	activity	 seen	 in	 the	 control	 soil	 is	 most	 likely	 due	 to	 the	 storage	 of	 the	 test	 soil.	Inhibition	was	seen	in	wells	C1,	E2,	A3,	C3,	and	E3	for	Dairy	soil	exposed	to	foam	1	for	30	days	 and	 in	wells	D1,	G1,	 and	E2	 for	 soil	 that	had	 exposed	 to	 foam	2	 for	30	days.	However,	 these	 results	 do	 not	 suggest	 significant	 inhibition	 of	microbial	 activity	 as	 a	result	of	exposure	to	foam	1	and	2	for	30	days.	Unlike	 the	 results	 obtained	 for	 soil	 freshly	 exposed	 to	 both	 foams,	 no	 consistent	inhibition	 of	 specific	wells	was	 observed	when	 exposed	 to	 foam	1	 and	 2	 for	 30	 days	across	the	three	test	soils.	As	mentioned	previously,	decreased	microbial	activity	in	each	control	soil	was	observed,	and	may	have	affected	the	results,	however	activity	was	still	observed	in	soil	exposed	to	foam	1	and	2	for	30	days.	This	suggests	the	foams	provided	nutrients	for	the	microbes	to	survive	on.	If	foams	1	and	2	were	toxic,	it	is	unlikely	that	this	 survival	 would	 have	 been	 observed.	 These	 findings	 suggest	 that	 there	 was	 no	significant	inhibition	of	microbial	activity	in	soil	exposed	to	foams	1	and	2	for	30	days.		
7.4 Chapter	Limitations	
	Due	to	budget	restrictions,	soil	that	had	been	exposed	to	foam	1	and	2	for	7	days,	was	not	able	to	be	tested.	Due	to	these	restrictions,	it	was	decided	that	soil	freshly	exposed	would	be	 tested	 to	determine	 the	 initial	 effect	of	 foams	1	and	2	on	microbial	 activity,	and	 soil	 exposed	 for	 30	 days	 to	 determine	 whether	 any	 residual	 effects	 could	 be	observed.	 Additionally,	 a	 reference,	 or	 negative	 control	 plate	 could	 not	 be	 used,	 to	depict	 inhibition	of	microbial	activity	as	a	result	of	exposure	to	a	known	toxicant	–	as	was	done	in	Chapters	5	and	6	with	CuSO4.	As	discussed	in	section	7.3,	fungal	growth	was	observed	in	multiple	samples	exposed	to	foam	1	and	2	for	30	days.	As	a	result	of	this,	the	results	obtained	plates	that	contained	fungal	 growth	 may	 have	 produced	 false	 absorption	 readings.	 Furthermore,	 the	 soils	exposed	 to	 foam	1	and	2	 for	30	days,	were	 stored	 in	 closed	containers	 in	a	 cupboard	over	the	30-day	period.	Due	to	this,	base	microbial	viability	most	likely	decreased	due	to	
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the	 storage	 conditions	 (no	 light	 or	 a	 food	 source),	 resulting	 in	 the	 control	 plates	providing	low	activity	levels	for	these	soils.	An	additional	 limitation	of	 this	 chapter	was	 that	 specific	microbial	 communities	were	not	identified;	therefore,	it	cannot	be	determined	what	specific	soil	microbes	are	being	affected	either	positively	or	negatively	 in	 these	 tests.	This	 is	 recommended	 for	 future	work.		
7.5 Chapter	Conclusions	
	Microbial	 activity	 in	 the	 three	 test	 soils	 freshly	 exposed	 to	 foam	 1	 and	 2	 were	 not	significantly	affected.	However,	consistent	inhibition	was	observed	in	wells	A3	and	H3	in	 all	 three	 soils	 freshly	 exposed	 to	 foam	 1	 and	 foam	 2	 indicating	 that	 the	microbes	present	 in	 these	wells	were	 potentially	 impacted	 by	 these	 foams.	 Further	 research	 is	required	 to	 identify	 the	 microbial	 communities	 present	 in	 these	 wells.	 However,	 the	inhibition	in	these	wells	was	less	than	50%	and	the	results	are	therefore	not	considered	significant.		Contrariwise,	no	consistent	 inhibition	of	specific	wells	was	observed	for	all	 three	soils	exposed	 to	 foam	 1	 and	 2	 for	 30	 days.	 The	 apparent	 increase	 in	 activity	 in	 plates	inoculated	with	soil	exposed	to	foam	1	or	2,	most	notably	in	the	Dairy	soil,	may	be	due	to	the	surfactant	present	in	these	foams	solubilising	nutrients	for	the	microbes	to	utilise	(Bhat	et	al.	2008).			Overall,	 the	 results	 of	 this	 chapter	 indicate	 that	 no	 significant	 inhibition	 of	microbial	activity	was	caused	by	exposure	to	foam	1	and	2	at	0.4%.	However,	further	research	is	required,	 particularly	 the	 identification	 of	 specific	 microbial	 communities,	 and	 the	effects	 of	 exposure	 to	 foam	 1	 and	 2	 on	 each	 of	 these	 communities.	 Further	 testing	utilising	 multiple	 concentrations	 of	 foam	 1	 and	 2	 is	 required	 to	 determine	 whether	concentrations	other	than	0.4%	effect	microbial	activity	differently.	
	
Chapter	Eight	 	 Conclusions		
118		
	
	
	
	
	
	
	
	
	
	
	
CHAPTER	8 	
	
CONCLUSIONS	
				 									
Chapter	Eight	 	 Conclusions		
119		
8.1 Study	Conclusions		This	 study	 evaluated	 the	 ecological	 impact	 of	 two	 Class	 A	 foams,	 applied	 via	Compressed	Air	Foam	Systems,	in	three	New	South	Wales	soils.	A	variety	of	soils	were	evaluated	to	provide	a	general	overview	of	ecological	 impact	posed	by	these	foams	on	various	soil	types,	and	whether	the	effect	of	these	foams	differed	depending	on	soil	type.			The	 first	 objective	 of	 this	 research	 was	 to	 evaluate	 the	 short-term	 effects	 of	 Class	 A	foams	 on	 plant	 emergence	 and	 growth	 in	 a	 variety	 of	 soil	 types	 found	 in	 NSW.	 The	results	of	the	terrestrial	vegetation	testing	indicated	that	foam	1	and	2	applied	at	0.4%	v/v	did	not	cause	inhibition	of	the	emergence	or	growth	of	Triticum	aestivum	seedlings	in	terms	of	seedling	weight	or	length.	Therefore,	the	application	of	foam	1	or	2	did	not	cause	a	negative	impact	on	the	emergence	and	growth	of	Triticum	aestivum	seedlings	in	NSW	 soils.	 However,	 the	 results	 suggest	 that	 the	 emergence	 and	 growth	 of	 Triticum	
aestivum	varied	 at	 the	 three	 different	 exposure	 lengths.	 The	 seedling	 length	 results	suggested	 that	 growth	was	 slightly	 inhibited	 in	 soil	 freshly	 exposed	 to	 foam	1	 and	 2,	however	 these	 effects	 diminished	 at	 the	 7-	 and	 30-day	 exposure	 lengths.	 Given	 that	statistical	 analysis	 demonstrated	 that	 neither	 foam	had	 an	 impact	 on	 seedling	 length,	the	variation	in	growth	seen	at	each	exposure	length	may	be	a	result	of	soil	composition.	Future	work	is	required	to	further	evaluate	this.		The	second	objective	of	this	study	was	the	evaluation	of	the	short-term	effects	of	Class	A	foams	 on	 soil	 invertebrates	 in	 a	 variety	 of	 soils.	 Avoidance	 of	 Eisenia	 fetida/Eisenia	
andrei	in	each	test	soil	exposed	to	foam	1	and	2	for	three	different	lengths	of	time	was	used	to	address	this	objective.	Avoidance	was	observed	in	CROA	soil	exposed	to	foam	1	at	all	three	lengths	of	exposure,	and	avoidance	was	seen	in	Jenolan	soil	freshly	exposed	to	foam	2	and	exposed	for	7	days.	These	findings	suggest	that	the	effect	of	different	soil	and	 foam	 combinations	 on	 E.fetida/E.andrei’s	 behaviour	 varies.	 Avoidance	 was	 not	observed	 for	 any	 other	 foam	 and	 soil	 combinations.	 Further	 research	 is	 required	 to	determine	whether	various	soil-foam	combinations	affects	E.fetida	/E.andrei	differently.	However,	as	no	mortality	was	seen	as	a	result	of	exposure	to	foam	1	and	2,	the	findings	
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of	this	testing	indicate	the	application	of	 foam	1	and	2	at	0.4%	via	CAFS	on	NSW	soils	did	not	significantly	affect	the	behaviour	of	E.fetida/E.andrei.		The	third	objective	of	this	research	was	the	evaluation	of	the	short-term	effects	of	Class	A	 foams	 on	 soil	 microbial	 communities	 in	 a	 variety	 of	 soils.	 Microbial	 activity	 was	observed	 in	 the	 three	 tests	 soils,	 exposed	 to	 foam	 1	 and	 2	 at	 two	 different	 exposure	lengths	(0	and	30	days).	The	results	of	this	testing	showed	consistent	inhibition	in	two	wells	 for	 all	 three	 soils	 freshly	 exposed	 to	 foam	 1	 and	 foam	 2,	 indicating	 that	 the	microbes	present	in	these	wells	were	potentially	impacted	by	these	foams.	However,	the	activity	 in	 these	 wells	 were	 above	 50%	 of	 normal	 activity,	 and	 therefore	 are	 not	significant	 enough	 to	 indicate	 inhibition	 caused	 by	 exposure	 to	 foam	 1	 or	 2.	 Further	research	 is	 required	 to	 identify	 the	microbial	 communities	present	 in	 these	wells.	No	consistent	 inhibition	of	specific	wells	was	seen	 in	soil	exposed	to	 foam	1	and	2	 for	30	days.	The	results	indicate	that	no	significant	inhibition	of	microbial	activity	was	caused	by	exposure	to	foam	1	and	2	at	0.4%.		The	final	objective	of	this	research	was	to	determine	whether	the	surfactant	present	in	Class	 A	 foam	 binds	 or	 passes	 through	 the	 test	 soils,	 to	 indicate	 whether	 the	 foam	surfactant	could	penetrate	 the	soil	matrix.	Leachate	 testing	was	performed	to	address	this	objective.	The	results	of	the	preliminary	leachate	testing	conducted	on	foam	1	and	2	in	 the	 three	 selected	 test	 soils	 indicated	 some	 amount	 of	 surfactant	was	 able	 to	 pass	through	the	soils,	however,	the	research	could	not	clarify	if	this	related	to	large	or	small	amounts	of	surfactant	 leaching	out.	 It	 is	uncertain	at	 this	stage	how	much	of	 the	 foam	that	 was	 applied	 in	 fact	 passed	 through	 the	 soil	 column.	 Further,	 more	 in-depth	research	would	need	 to	be	conducted	 to	evaluate	 the	amount	of	 foam	1	and	2	able	 to	leach	 through	 the	 soils,	 to	 then	determine	whether	 this	 concentration	poses	potential	ecological	harm	to	aquatic	ecosystems.			The	ecotoxicological	 and	microbial	 results	obtained	 in	 this	 research	 indicate	 that	 that	foam	1	and	2	did	not	pose	 significant	negative	effects	on	NSW	soil	 systems.	Although	further	research	is	required,	there	is	a	potential	for	the	surfactants	to	migrate	through	the	soil	column.		
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8.2 Study	Limitations		Various	limitations	were	identified	throughout	this	research.	The	number	of	species	of	terrestrial	 vegetation	 and	 invertebrates	 able	 to	 be	 utilised	 when	 determining	 the	ecological	effects	of	 foam	1	and	2	were	 limited	due	 to	 time	and	 funding	resources.	As	outlined	previously,	 the	 seedling	 emergence	and	growth	of	Latuca	sativa	results	were	invalid	 due	 to	 insufficient	 average	 emergence.	 Due	 to	 this,	 only	 the	 results	 of	 the	
Triticum	aestivum	emergence	and	growth	were	used	to	determine	the	effects	of	foam	1	and	2	in	NSW	soils.	Additionally,	Australian	native	species	were	not	used	to	determine	the	 effect	 of	 foam	 1	 and	 2	 on	 terrestrial	 vegetation	 and	 should	 be	 examined	 in	 the	future.	Also,	only	one	species	of	terrestrial	invertebrate	was	able	to	be	tested.		Only	one	concentration	of	both	foam	1	and	foam	2	was	used	throughout	this	testing	–	0.4%,	 as	 a	 result	 of	 this,	 EC50	 or	 LOEC	 values	 could	 not	 be	 determined	 and	 are	recommended	to	be	evaluated	in	future	work.	Due	to	resource	limitations,	microbial	activity	was	not	assessed	in	soil	exposed	to	foam	1	and	2	for	7	days.	Due	to	fungal	growth	in	EcoPlates	produced	for	soil	exposed	to	foam	1	and	2	for	30	days,	these	plates	were	incubated	for	less	time	than	the	plates	inoculated	with	 freshly	 exposed	 soil	were	 incubated.	 As	 one	 concentration	 of	 foam	1	 and	 2	was	tested,	the	effects	of	different	concentrations	of	foam	1	and	2	on	microbial	communities	could	also	not	be	determined.			The	results	obtained	from	the	anionic	surfactant	spot	test	analysed	via	UV-VIS,	were	not	viable	 due	 to	 interference.	 The	 presence	 of	 foam	 1	 and	 2	 could	 therefore	 not	 be	confirmed	during	 leachate	 testing.	Additionally,	 the	anionic	surfactant	spot	 test	would	have	 been	 used	 to	 identify	 whether	 surfactant	 could	 be	 identified	 in	 soil	 exposed	 to	foam	1	and	2	for	30	days,	however,	this	could	not	be	performed.					
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8.3 Future	Work		Future	research	to	determine	the	ecological	impact	of	Class	A	firefighting	foams,	applied	via	 Compressed	 Air	 Foam	 Systems	 in	 NSW	 soil	 systems	 is	 recommended.	 A	 wider	variety	of	NSW	soils	and	Class	A	foams	are	recommended	to	be	tested.	Additionally,	the	correlation	 between	 soil	 type	 and	 foam	 type	 is	 suggested	 to	 be	 explored	 further,	 to	evaluate	whether	various	soil	characteristics	 interact	with	Class	A	foams	differently.	A	range	of	concentrations	of	foam	is	required	to	determine	whether	the	effects	of	Class	A	foam	on	soil	systems	varies	as	a	result	of	increased	or	decreased	concentrations.			Longer-exposure	times	are	required	to	determine	whether	prolonged	exposure	to	Class	A	 foams	 presents	 different	 effects	 than	 short-term	 exposure.	 A	 larger	 selection	 of	terrestrial	species	is	suggested	for	further	work	to	determine	the	effects	of	exposure	to	foams	 on	 a	 variety	 of	 terrestrial	 vegetation	 and	 invertebrate	 species.	 Additionally,	different	 testing	 should	 be	 conducted	 on	 these	 species	 such	 as	 reproduction	 and/or	survival.		Further	 research	 is	 required	 to	 determine	 the	 effects	 of	 foam	 1	 and	 2	 on	 specific	microbial	communities	in	NSW	soils.	Furthermore,	it	is	suggested	that	a	wider	range	of	concentrations,	 other	 than	 0.4%,	 are	 explored	 to	 evaluate	 whether	 an	 increase	 or	decrease	in	concentration	of	Class	A	foam	effects	microbial	activity.		Future	 work	 is	 required	 to	 evaluate	 the	 ability	 for	 foam	 to	 pass	 through	 NSW	 soil	matrices,	 to	 determine	 whether	 there	 is	 a	 potential	 for	 these	 foams	 to	 enter	groundwater.	It	is	well	documented	that	all	foams,	regardless	of	their	classification	and	composition	pose	adverse	effects	on	aquatic	ecosystems.		
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Appendix	A	–	Organic	scan	performed	on	all	three	test	soils	by	GC-MS		
		Compound	 																																																									DAIRY																											CROA		 							JENOLAN	
	
Table	A	-	Results	of	organic	scan	performed	for	test	soils	via	GC-MS	
	 	 Appendices		
136		
	
	 	 Appendices		
137			
	 	 Appendices		
138		
Appendix	B	–	Results	of	metals	scan	by	ICP-AES	on	all	three	test	soils		
    				Metal																																																																						DAIRY      																				CROA																								JENOLAN		
																							
Table	B	-	Results	of	metals	scan	performed	for	test	soils	by	ICP-AES	
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Appendix	C	–	Results	of	preliminary	ANOVAs	performed	on	Triticum	aestivum	seedling	
emergence		
 
Table	C.1	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	emergence	to	determine	
effect	of	'location'	
Source	
Type	III	Sum	
of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	
Model	
24.847a	 1	 24.847	 0.194	 0.662	
Intercept	 339751.356	 1	 339751.356	 2647.687	 <0.001	
LOCATION	 24.847	 1	 24.847	 0.194	 0.662	
Error	 6672.643	 52	 128.320	 	 	
Total	 346448.846	 54	 	 	 	
Corrected	Total	 6697.490	 53	 	 	 	a.	R	Squared	=	.004	(Adjusted	R	Squared	=	-.015)	
 	
	
Table	C.2	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	emergence	to	determine	
effect	of	'soil'	
Source	
Type	III	Sum	
of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	
Model	
234.779a	 2	 117.389	 0.926	 0.403	
Intercept	 339751.356	 1	 339751.356	 2681.122	 <0.001	
SOIL	 234.779	 2	 117.389	 0.926	 0.403	
Error	 6462.711	 51	 126.720	 	 	
Total	 346448.846	 54	 	 	 	
Corrected	Total	 6697.490	 53	 	 	 	a.	R	Squared	=	.035	(Adjusted	R	Squared	=	-.003)	
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Table	C.3	-Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	emergence	to	determine	
effect	of	‘day’	
Source	
Type	III	Sum	
of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	
Model	
148.380a	 2	 74.190	 0.578	 0.565	
Intercept	 339751.356	 1	 339751.356	 2645.752	 <0.001	
DAY	 148.380	 2	 74.190	 0.578	 0.565	
Error	 6549.110	 51	 128.414	 	 	
Total	 346448.846	 54	 	 	 	
Corrected	Total	 6697.490	 53	 	 	 	a.	R	Squared	=	.022	(Adjusted	R	Squared	=	-.016)	
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Appendix	D	–	Results	of	preliminary	ANOVAs	for	Triticum	aestivum	seedling	length	
	
Table	D.1	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	length	to	determine	
effect	of	‘treatment’	
Source	
Type	III	Sum	of	
Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	Model	 .148a	 2	 0.074	 0.074	 0.929	
Intercept	 3222.436	 1	 3222.436	 3204.679	 <0.001	
TREATMENT	 .148	 2	 0.074	 0.074	 0.929	
Error	 158.875	 158	 1.006	 	 	
Total	 3381.959	 161	 	 	 	
Corrected	Total	 159.024	 160	 	 	 	a.	R	Squared	=	.001	(Adjusted	R	Squared	=	-.012)	
 
 
Table	D.2	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	length	to	determine	
effect	of	‘location’	
Source	
Type	III	Sum	of	
Squares	 df	
Mean	
Square	 F	 Sig.	
Corrected	
Model	
59.241a	 1	 59.241	 94.399	 <0.001	
Intercept	 3228.241	 1	 3228.241	 5144.083	 <0.001	
LOCATION	 59.241	 1	 59.241	 94.399	 <0.001	
Error	 99.783	 159	 0.628		 	
Total	 3381.959	 161		 	 	
Corrected	
Total	
159.024	 160		 	 	
a.	R	Squared	=	.373	(Adjusted	R	Squared	=	.369)		
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Table	D.3	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	length	to	determine	
effect	of	‘day’	
Source	
Type	III	Sum	of	
Squares	 df	
Mean	
Square	 F	 Sig.	
Corrected	
Model	
4.897a	 2	 2.449	 2.510	 0.085	
Intercept	 3221.760	 1	 3221.760	 3302.720	 <0.001	
DAY	 4.897	 2	 2.449	 2.510	 0.085	
Error	 154.127	 158	 0.975	 	 	
Total	 3381.959	 161	 	 	 	
Corrected	
Total	
159.024	 160	 	 	 	
a.	R	Squared	=	.031	(Adjusted	R	Squared	=	.019)			
Table	D.4	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	length	to	determine	
effect	of	‘soil’	
Source	
Type	III	Sum	of	
Squares	 df	
Mean	
Square	 F	 Sig.	
Corrected	
Model	
11.507a	 2	 5.753	 6.162	 0.003	
Intercept	 3219.303	 1	 3219.303	 3448.074	 <0.001	
SOIL	 11.507	 2	 5.753	 6.162	 0.003	
Error	 147.517	 158	 0.934	 	 	
Total	 3381.959	 161	 	 	 	
Corrected	
Total	
159.024	 160	 	 	 	
a.	R	Squared	=	.072	(Adjusted	R	Squared	=	.061)			
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Appendix	E	-	Results	of	Dunnett’s	post-hoc	test	for	Triticum	aestivum	seedling	length	
 
Table	E	-	Dunnett	t-test	performed	on	'treatment'	for	T.aestivum	seedling	length	
(I)	
TREATMENT	
(J)	
TREATMENT	
Mean	
Differenc
e	(I-J)	
Std.	
Error	 Sig.	
95%	Confidence	
Interval	Lower	Bound	 Upper	Bound	FOAM	1	 CONTROL	 0.0700	 0.12477	 0.797	 -0.2096	 0.3496	FOAM	2	 CONTROL	 0.0134	 0.12477	 0.992	 -0.2663	 0.2930	Based	on	observed	means.		The	error	term	is	Mean	Square(Error)	=	.416.																				
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Appendix	F	–	Distribution	of	Triticum	aestivum	seedling	weight	data		
 
Figure	F-	Distribution	of	T.aestivum	seedling	weight	data														
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Appendix G - Results	of	preliminary	ANOVAs	performed	on	Triticum	aestivum	seedling	
weight	
 
Table	G.1	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	weight	to	determine	
effect	of	‘treatment’	
Source	
Type	III	Sum	
of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	
Model	
.007a	 2	 .004	 0.646	 0.525	
Intercept	 8.779	 1	 8.779	 1531.467	 <0.001	
TREATMENT	 .007	 2	 0.004	 0.646	 0.525	
Error	 .911	 159	 0.006		 	
Total	 9.698	 162		 	 	
Corrected	Total	 .919	 161		 	 	a.	R	Squared	=	.008	(Adjusted	R	Squared	=	-.004)	
 
 
Table	G.2	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	weight	to	determine	
effect	of	‘soil’	
Source	
Type	III	Sum	
of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	
Model	
.117a	 2	 0.059	 11.635	 <0.001	
Intercept	 8.779	 1	 8.779	 1741.447	 <0.001	
SOIL	 .117	 2	 0.059	 11.635	 <0.001	
Error	 .802	 159	 0.005		 	
Total	 9.698	 162		 	 	
Corrected	Total	 .919	 161		 	 	a.	R	Squared	=	.128	(Adjusted	R	Squared	=	.117)	
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Table	G.3	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	weight	to	determine	
effect	of	‘day’	
Source	
Type	III	Sum	
of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	
Model	
.090a	 2	 0.045	 8.626	 <0.001	
Intercept	 8.779	 1	 8.779	 1683.948	 <0.001	
DAY	 .090	 2	 0.045	 8.626	 <0.001	
Error	 .829	 159	 0.005		 	
Total	 9.698	 162		 	 	
Corrected	Total	 .919	 161		 	 	a.	R	Squared	=	.098	(Adjusted	R	Squared	=	.087)	
 
 
 
Table	G.4	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	weight	to	determine	
effect	of	‘location’	
Source	
Type	III	Sum	
of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	
Model	
.069a	 1	 0.069	 12.935	 <0.001	
Intercept	 8.779	 1	 8.779	 1652.259	 <0.001	
LOCATION	 .069	 1	 0.069	 12.935	 <0.001	
Error	 .850	 160	 0.005		 	
Total	 9.698	 162		 	 	
Corrected	Total	 .919	 161		 	 	a.	R	Squared	=	.075	(Adjusted	R	Squared	=	.069)	
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Appendix	H	–	Results	of	Dunnett’s	post-hoc	test	performed	for	Triticum	aestivum	seedling	
weight	
 
Table	H.1	-	Dunnett	t-test	performed	on	'treatment'	for	T.aestivum	seedling	weight	
(I)	
TREATMENT	
(J)	
TREATMENT	
Mean	
Difference	
(I-J)	
Std.	
Error	 Sig.	
95%	Confidence	
Interval	Lower	Bound	 Upper	Bound	FOAM	1	 CONTROL	 0.0153	 0.00995	 0.221	 -.0071	 .0376	FOAM	2	 CONTROL	 0.0020	 0.00995	 0.970	 -.0203	 .0243	Based	on	observed	means.		The	error	term	is	Mean	Square(Error)	=	.003.	*.	The	mean	difference	is	significant	at	the	0.05	level.	
 
 
 
 
 
Table	H.2	-	Dunnett	t-test	performed	on	'day'	for	T.aestivum	seedling	length	using	Day	0	as	a	
control	group	
(I)	
DAY	 (J)	DAY	
Mean	
Difference	
(I-J)	
Std.	
Error	 Sig.	
95%	Confidence	Interval	
Lower	Bound	 Upper	Bound	7	 0	 0.0315*	 0.00995	 0.004	 0.0092	 0.0538	30	 0	 0.0576*	 0.00995	 <0.001	 0.0353	 0.0799	Based	on	observed	means.		The	error	term	is	Mean	Square(Error)	=	.003.	*.	The	mean	difference	is	significant	at	the	0.05	level.	
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Table	H.3	-	Dunnett	t-test	performed	on	'day'	for	T.aestivum	seedling	length	using	Day	30	as	a	
control	group	
(I)	
DAY	 (J)	DAY	
Mean	
Difference	
(I-J)	
Std.	
Error	 Sig.	
95%	Confidence	Interval	
Lower	Bound	 Upper	Bound	0	 30	 -0.0576*	 0.00995	 <0.001	 -0.0799	 -0.0353	7	 30	 -0.0262*	 0.00995	 0.019	 -0.0485	 -0.0039	Based	on	observed	means.		The	error	term	is	Mean	Square(Error)	=	.003.	*.	The	mean	difference	is	significant	at	the	0.05	level.	
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Appendix	I	–	Results	of	preliminary	ANOVAs	performed	on	Triticum	aestivum	emergence	
in	reference	toxicant	samples	
 	
Table	I.1	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	emergence	in	reference	
toxicant	samples	to	determine	effect	of	‘treatment’	
Source	
Type	III	Sum	
of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	
Model	
10792.593a	 5	 2158.519	 5.158	 0.001	
Intercept	 253518.519	 1	 253518.519	 605.752	 <0.001	
TREATMENT	 10792.593	 5	 2158.519	 5.158	 0.001	
Error	 20088.889	 48	 418.519	 	 	
Total	 284400.000	 54	 	 	 	
Corrected	Total	 30881.481	 53	 	 	 	a.	R	Squared	=	.349	(Adjusted	R	Squared	=	.282)		
 
Table	I.2	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	emergence	in	reference	
toxicant	samples	to	determine	effect	of	‘soil’	
Source	
Type	III	Sum	
of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	
Model	
1970.370a	 2	 985.185	 1.738	 0.186	
Intercept	 253518.519	 1	 253518.519	 447.214	 <0.001	
SOIL	 1970.370	 2	 985.185	 1.738	 0.186	
Error	 28911.111	 51	 566.885		 	
Total	 284400.000	 54		 	 	
Corrected	Total	 30881.481	 53		 	 	a.	R	Squared	=	.064	(Adjusted	R	Squared	=	.027)				
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Appendix	J	-	Results	of	preliminary	ANOVAs	performed	on	Triticum	aestivum	seedling	
length	in	reference	toxicant	samples			
Table	J.1	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	length	in	reference	
toxicant	samples	to	determine	effect	of	‘treatment’	
Source	 Type	III	Sum	of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	Model	 344108.813a	 2	 172054.407	 15.947	 <0.001	
Intercept	 1217341.127	 1	 1217341.127	 112.829	 <0.001	
TREATMENT	 344108.813	 2	 172054.407	 15.947	 <0.001	
Error	 550251.620	 51	 10789.247	 	 	
Total	 2111701.560	 54	 	 	 	
Corrected	Total	 894360.433	 53	 	 	 	a.	R	Squared	=	.385	(Adjusted	R	Squared	=	.361)		
Table	J.2	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	length	in	reference	
toxicant	samples	to	determine	effect	of	‘soil’	
Source	
Type	III	Sum	
of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	
Model	
38.219a	 2	 19.110	 17.939	 <0.001	
Intercept	 1043.553	 1	 1043.553	 979.616	 <0.001	
SOIL	 38.219	 2	 19.110	 17.939	 <0.001	
Error	 54.329	 51	 1.065	 	 	
Total	 1136.101	 54	 	 	 	
Corrected	Total	 92.548	 53	 	 	 	a.	R	Squared	=	.413	(Adjusted	R	Squared	=	.390)	
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Appendix	K	-	Results	of	preliminary	ANOVAs	performed	on	Triticum	aestivum	seedling	
weight	in	reference	toxicant	samples	
 
Table	K.1	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	weight	in	reference	
toxicant	samples	to	determine	effect	of	‘treatment’	
Source	
Type	III	Sum	
of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	
Model	
.280a	 5	 0.056	 2.332	 0.056	
Intercept	 4.843	 1	 4.843	 201.490	 <0.001	
TREATMENT	 .280	 5	 0.056	 2.332	 0.056	
Error	 1.154	 48	 0.024	 	 	
Total	 6.277	 54	 	 	 	
Corrected	Total	 1.434	 53	 	 	 	a.	R	Squared	=	.195	(Adjusted	R	Squared	=	.112)	
 	
Table	K.2	-	Two-factor	two-way	ANOVA	performed	on	T.aestivum	seedling	weight	in	reference	
toxicant	to	determine	effect	of	‘soil’	
Source	 Type	III	Sum	of	Squares	 df	 Mean	Square	 F	 Sig.	
Corrected	Model	 .477a	 2	 0.239	 12.720	 <0.001	
Intercept	 4.843	 1	 4.843	 258.154	 <0.001	
SOIL	 .477	 2	 0.239	 12.720	 <0.001	
Error	 .957	 51	 0.019	 	 	
Total	 6.277	 54	 	 	 	
Corrected	Total	 1.434	 53	 	 	 	a.	R	Squared	=	.333	(Adjusted	R	Squared	=	.307)				
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Appendix	L	–	Results	of	Dunnett’s	performed	for	seedling	emergence,	length	and	weight	in	
reference	toxicant	samples		
Table	L.1	-	Dunnett	t-test	performed	on	'treatment'	for	T.aestivum	seedling	emergence	in	reference	
toxicant	samples	
I)	
TREATMENT	
(J)	
TREATMENT	
Mean	
Difference	
(I-J)	
Std.	
Error	 Sig.	
95%	Confidence	
Interval	Lower	Bound	 Upper	Bound	0.1mg/L	 CONTROL	 -2.2222	 9.07218	 0.999	 -26.0976	 21.6532	1.0mg/L	 CONTROL	 4.4444	 9.07218	 0.984	 -19.4309	 28.3198	10mg/L	 CONTROL	 0.0000	 9.07218	 1.000	 -23.8754	 23.8754	100mg/L	 CONTROL	 -6.6667	 9.07218	 0.917	 -30.5420	 17.2087	1000mg/L	 CONTROL	 -37.7778*	 9.07218	 0.001	 -61.6532	 -13.9024	Based	on	observed	means.		The	error	term	is	Mean	Square(Error)	=	370.370.	*.	The	mean	difference	is	significant	at	the	0.05	level.	
 
	
Table	L.2	-	Dunnett	t-test	performed	on	'treatment'	for	T.aestivum	seedling	length	in	reference	
toxicant	samples	
(I)	
TREATMEN
T	
(J)	
TREATMEN
T	
Mean	
Differenc
e	(I-J)	
Std.	
Error	 Sig.	
95%	Confidence	
Interval	Lower	Bound	 Upper	Bound	0.1mg/L	 CONTROL	 -0.2947	 0.29638	 0.778	 -1.0747	 0.4853	1.0mg/L	 CONTROL	 0.1439	 0.29638	 0.984	 -0.6360	 0.9239	10mg/L	 CONTROL	 0.1274	 0.29638	 0.991	 -0.6526	 0.9074	100mg/L	 CONTROL	 -0.3624	 0.29638	 0.621	 -1.1424	 0.4176	1000mg/L	 CONTROL	 -2.2487*	 0.29638	 <0.001	 -3.0287	 -1.4687	Based	on	observed	means.		The	error	term	is	Mean	Square(Error)	=	.395.	*.	The	mean	difference	is	significant	at	the	0.05	level.	
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Table	L.3	-	Dunnett	t-test	performed	on	'treatment'	for	T.aestivum	seedling	weight	in	reference	
toxicant	samples	
(I)	
TREATMEN
T	
(J)	
TREATMEN
T	
Mean	
Differen
ce	(I-J)	 Std.	Error	 Sig.	
95%	Confidence	
Interval	Lower	Bound	 Upper	Bound	0.1mg/L	 CONTROL	 -0.0651	 0.04366	 0.440	 -0.1800	 0.0498	1.0mg/L	 CONTROL	 -0.0109	 0.04366	 0.999	 -0.1258	 0.1040	10mg/L	 CONTROL	 -0.0625	 0.04366	 0.478	 -0.1774	 0.0524	100mg/L	 CONTROL	 -0.1099	 0.04366	 0.065	 -0.2248	 0.0050	1000mg/L	 CONTROL	 -0.2163*	 0.04366	 <0.001	 -0.3312	 -0.1014	Based	on	observed	means.		The	error	term	is	Mean	Square(Error)	=	.009.	*.	The	mean	difference	is	significant	at	the	0.05	level.	
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Appendix	M	–	Example	graph	of	microbial	activity	in	Jenolan	control	soil	in	wells	A2-H2	
with	error	bars,	highlighting	the	illegibility	of	the	data	due	to	cluttered	error	bars		
	
 
Figure	M	–	Example	graph	of	microbial	activity	over	9	days	in	wells	A2	–	H2	of	EcoPlate	performed	
for	Jenolan	control	soil	including	error	bars	for	all	measurements	
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Appendix	N	–	Microbial	activity	over	9	days	of	incubation	in	soil	freshly	exposed	to	foam	1	and	2	
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Appendix	O	–	Microbial	activity	over	8	days	of	incubation	in	soil	exposed	to	foam	1	and	2	for	30	days	
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